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Abstract 
In the years since the launch of The Human Genome Project (HGP), which 
significantly increased our understanding of biological inheritance by revealing the 
structure and function of genetic material, tangential research efforts have revealed 
mechanisms of inheritance that extend beyond the sequence of nucleic acids within an 
individual’s genome.  The study of these mechanisms, referred to as epigenetics, now lies 
at the frontier of biomedical research. While much is known regarding genetic 
inheritance, the complexity of chromosome structure and lack of appropriate 
methodologies have long hindered mechanistic dissection of epigenetic inheritance. The 
work presented in this dissertation seeks three fundamental objectives: (1) the 
development of appropriate tools for chromatin mapping, (2) the identification of a well-
defined model system, and (3) the use of ‘super-resolution imaging’, working with a 
multi-disciplinary team of collaborators having experience raging from the basic biology 
to advanced engineering.  
First, a unique micro/nanofluidics platform was developed utilizing fracture-based 
fabrication techniques. The use of such techniques, combined with the careful selection 
of appropriate materials, enabled the formation of channels with dimensions that could be 
modified by simply modifying the magnitude of the uniaxial strain applied. By 
integrating stress focusing notch micro-features into the soft elastomer, 
polydimethylsiloxane (PDMS), nano-scale fractures were generated at desired positions, 
producing an array of nano-channels. 
These adjustable channels were then utilized to achieve the efficient pre-
concentration, capturing, and linearization of DNA and chromatin via nano-confinement 
and a squeezing flow. In the tuneable channel device, DNA molecules were pre-
xvi 
concentrated up to 10,000 fold at the defined position using electrophoresis, and were 
successfully trapped and linearized up to its contour length for epigenetic marker 
profiling.  
Finally, Tetrahymena was selected as an optimal biological system, and was used 
to elucidate the spatial distribution of histones along replicated DNA, as well as to 
characterize specific histone-DNA interactions occurring during replication, with the aid 
of super-resolution microscopy.  
This multi-disciplinary dissertation project provides insight into both the 
unknown epigenetic changes occurring during DNA replication, and the biological 
machinery underlying fundamental DNA-histone interactions. The application of this 
adjustable fluidics platform to other biological model species may provide a means to 
establish other epigenetic marker maps including patterns of post translational 
modifications of histone and DNA methylation to study yet unknown epigenetic 
mechanisms. 
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            Chapter 1
 
Introduction 
The contents in this chapter have been adapted with minor modifications from the 
following publication: ‘Micro-and nanoflduic technologies for epigenetic profiling’, 
Biomicrofluidics, 2013 
1.1 BACKGROUND 
The biological ‘instruction manual’ for structure, function and growth has long 
been considered to be encoded in the DNA of organisms.  Interactions between DNA and 
external factors drive differential transcription of these genes into proteins, producing 
transmittable signals that regulate function.  However, cells can present distinct heritable 
phenotypes, without changes in the underlying DNA.  Alterations to the instruction 
manual via these ‘epigenetic’ changes, such as DNA methylation or histone 
modifications, have recently generated tremendous scientific interest (Papp and Plath, 
2013). As these changes are transmitted from parent to child, the existence of epigenetic 
mechanisms suggest that lifestyle choices may impact future generations (Anway et al., 
2005; Bohacek and Mansuy, 2013; Crews et al., 2012; Guerrero-Bosagna et al., 2010; 
Guerrero-Bosagna and Skinner, 2009; Lim and Brunet, 2013).  Conversely, epigenetic 
mechanisms may enable us to manipulate or avoid the conditions that drive phenotypic 
expression of a genetic disorder.  Hence, with implications in cancer (Feinberg and 
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Tycko, 2004; Jones and Baylin, 2007; Waldmann and Schneider, 2013), autism 
(Grafodatskaya et al., 2010; Pareja-Galeano et al., 2013), and Alzheimer’s disease 
(Chouliaras et al., 2010; Mastroeni et al., 2010), the epigenetic paradigm provides a 
powerful set of tools with which to understand the transmission and etiology of diseases, 
and ultimately design treatments for genetic disorders that need not rely on potentially 
hazardous genetic modification (Ptak and Petronis, 2008). 
Epigenetics also have significant implications in the fields of tissue engineering 
(Atala, 2004), regenerative medicine (Cherry and Daley, 2012; Rizzino, 2007), and 
creating artificial in vitro cell culture models (Postovit et al., 2006); particularly in 
sourcing cells for these technologies. A particularly promising approach is the use of 
embryonic, adult and induced pluripotent stem cells (Takahashi and Yamanaka, 2006), 
which can be differentiated towards a specified phenotype (Carr et al., 2009). This 
powerful technique enables basic scientists and clinicians to create autologous artificial 
tissues for transplantation (Wu and Hochedlinger, 2011), or to better study various 
aspects of disease using genetically identical source materials; but the epigenetic 
paradigm raises a significant concerns about this process (Pujadas and Feinberg, 2012). 
Differentiated cells may contain significant and previously unsuspected epigenetic 
variations (Fig. 1), arising from the use of chemical differentiation reagents (Lister et al., 
2011) and from requirements to prepare undifferentiated stem cells for long periods in 
culture (Baker et al., 2007).  These epigenetic differences may lead to unexpected and 
potentially detrimental cell functionality, such as uncontrolled cancerous proliferation 
(Baker et al., 2007; Lister et al., 2011; Pujadas and Feinberg, 2012).  Hence, techniques 
to rapidly assess the epigenetic profiles of differentiated and diseased cells are of critical 
importance in a broad variety of applications.   
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1.2 CHALLENGES IN CHROMATIN ANALYSIS 
Chromatin structure influences cell function 
DNA in a living cell must be accessible so as to readily perform vital biological 
functions such as gene transcription, DNA replication, DNA recombination and DNA 
repair.  At the same time, however, the meter-long eukaryotic DNA must be highly 
condensed so as to fit into the nucleus, which affords space of only a few microns in size. 
The two seemingly incompatible requirements of extremely compact storage and rapid 
accessibility have prompted a decade of intense studies of chromatin organization.  The 
hierarchical structure of chromatin necessary to achieve this degree of packing and 
accessibility of DNA has subtle and diverse features at all levels of organization, some of 
which have only recently been understood (Luger et al., 2012).  Since the structure of 
chromatin itself likely regulates aspects of gene transcription (Rubtsov et al., 2006), 
understanding these factors is of critical importance in probing epigenetics. Intensive 
research has been conducted to characterize the structural and functional properties of 
chromatin using diverse experimental and modeling techniques including atomic force 
microscopy (Montel et al., 2009; Sato et al., 1999; Wang et al., 2002), optical/magnetic 
tweezers,(Cui and Bustamante, 2000; Gupta et al., 2009), electron microscopy (Dorigo et 
al., 2004; Grigoryev et al., 2009), and X-ray scattering methods (Nishino et al., 2012; 
Schalch et al., 2005). 
DNA is coiled around a nucleosome core comprised of four pairs of histone 
proteins, and nucleosomes are connected to each other by linker DNA (often represented 
by a “beads-on-a-string” model) (Schlick et al., 2012). However, the higher-order 
structure that the primary chromatin strand coils into is still actively debated (Grigoryev 
et al., 2009). A regularly arranged secondary structure known as the ‘30 nm fiber’ is 
believed to exist (Dorigo et al., 2004; Grigoryev et al., 2009; Kruithof et al., 2009). Our 
current understanding of chromatin structure suggests that the chromatin within a cell 
exists in a buoyant state, providing greater accessibility for biological purposes (Fussner 
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et al., 2011). Also, it is known that, on a primary structural level, there are small 
variations in amino-acid sequences even though core histones are highly conserved 
proteins across species. The variations can influence the stability and dynamic state of the 
primary structure, thereby influencing the rate and duration of gene activation.  Taken 
together, the variability, irregularity and dynamics in the hierarchy of chromatin 
structures represents an epigenetic mechanism, as they form based on specific needs and 
conditions in a given biological environment.  Simply mapping end-point protein-DNA 
interactions using conventional methods are unable to recreate and capture these dynamic 
complexities. 
 
Broad variety of histone modifications 
A key structural unit of chromatin is the nucleosome.  Nucleosomes in eukaryotes 
consist of DNA coiled around an octamer core comprised of four types of histone 
proteins: H2A, H2B, H3 and H4, each of which has a high affinity for DNA.  
Nucleosomes are bound at the entry and exit sites of the DNA by the linker histone H1 
(Finch and Klug, 1976; Woodcock et al., 1984; Worcel et al., 1981).  About 147 base-
pairs of DNA are tightly wound around a histone octamer.  The terminal regions of these 
histones are exposed to modifications, such as acetylation and methylation that can 
dynamically change chromatin structure, regulating accessibility of proteins to the DNA 
(Zentner and Henikoff, 2013).  For example, activity of transcription factors can be 
blocked or enhanced based on modification of the histone.  This mechanism makes it 
physically possible to regulate gene expression independently from the DNA sequence, 
creating an epigenetic effect (Fierz and Muir, 2012).   
The variety of known histone modifications is large and growing.  The most 
extensively documented modifications include acetylation, methylation, phosphorylation, 
ubiquitination and biotinylation (Latham and Dent, 2007).  In particular, acetylation on 
histone H4 and methylation of lysine 9 on histone H3 can significantly influence 
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chromatin structure of euchromatin (decondensed chromatin) and heterochromatin 
(highly condensed chromatin) respectively (Nakayama et al., 2001; Narlikar et al., 2002; 
Rea et al., 2000; Tamaru, 2010). Hence, patterns of these histone modifications, 
collectively referred to as the ‘histone code’ can physically regulate gene expression and 
transcription (Jaenisch and Bird, 2003).  Currently, researchers commonly consider 24 
histone modifications of acetylation and methylation on 22 modification sites (Fig 2).  
Modifications are quickly being added to this list to include ubiquitination (Orrick et al., 
1973; Yeoman et al., 1973), ADP-ribosylation (Smith and Stocken, 1973; Ueda et al., 
1975), citrullination (Nakashima et al., 2002), and   sumoylation (Nathan et al., 2006). 
Analysis of each of these modifications requires the development and validation of 
uniquely specific antibodies.  
 
One genome but many epigenomes per person. 
Generally, the genomic DNA sequence of cells within an individual person is all 
the same.  The human genome project, successfully achieved over 10 years ago and 
progressively improved upon, enables an individual person’s DNA to be mapped for less 
than $1000, from amplification of genetic contents of a single cell (Ku and Roukos, 
2013). While knowledge of the complete genomic sequence is useful to detect genomic 
variations such as single-nucleotide polymorphism analysis, this information is not 
always sufficient to understand individual cell type-based function and phenotype.  To 
understand cell type-dependent functional differences, not only the DNA sequence but 
knowledge of how that DNA is packaged within the cell’s nucleus is required.  In other 
words, epigenomic information of that specific cell that includes patterns of histone 
modifications across the whole genome is needed (Bernstein et al., 2007). This is because 
significant epigenomic diversity exists not only between individuals in a population, but 
from tissue to tissue, and between individual cells within the same tissue (Jones and 
Baylin, 2007; Schmitz et al., 2013). 
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Unfortunately, no technology currently exists with which to study the epigenetic 
profile of chromatin from a single cell. DNA amplification cannot be utilized, as it does 
not replicate the modified histones and structure of the chromatin necessary for 
epigenetic analysis.  Recently, the Encyclopedia of DNA Elements (ENCODE) project 
undertook a massive research program involving the compilation of many researchers’ 
efforts in mapping the epigenome (Ecker et al., 2012).  However, even this well-funded 
consortium chose to study cell lines, at least in part, due to the need to produce sufficient 
numbers of cells for the epigenetic analyses such as chromatin immunoprecipitation 
(ChIP).  The ability to map histone states using chromatin from a single cell would 
greatly reduce the time and cost involved in such endeavors.  Additionally, the ability to 
perform histone mapping of single cells would open new opportunities in understanding 
cell-to-cell variability of the epigenome as well as in identifying and understanding rare 
cells such as cancer progenitors or pluripotent stem cells which play critical roles in 
disease and repair but are currently very difficult to analyze due to lack of starting 
cellular materials. 
1.3 MICRO- AND NANOFLUIDIC APROACHES 
Conventional methods to study chromatin are limited in their ability to provide 
sufficient information at a single cell level – information critical for rare cell or cell 
differentiation research (Dahl and Collas, 2007, 2008a, b; Flanagin et al., 2008; Kuo and 
Allis, 1999; Nelson et al., 2006; O'Neill et al., 2006).  These issues are compounded by 
the complexity and insufficient-throughput of such technologies given the challenges 
associated with having over 30 histone modification possibilities and multiple 
epigenomes per person. Recent advancements in micro/nanotechnology offer 
opportunities for the study of chromatin at the single cell level using mechanisms that 
allow for precise control, improved handling, and higher throughput studies.  
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ChIP in micro/nanofluidics 
ChIP has been exploited to study DNA-protein interactions and histone 
modifications for many years.  Despite the capabilities and history of this technology, 
ChIP assays can be challenging to perform.  It requires several sequential steps: 1) cell 
lysis, 2) binding of an antibody to a target DNA-binding protein, 3) immunoprecipitation 
of the antibody and antigen complex using a secondary antibody and beads, 4) 
purification, and 5) further analysis such as PCR and sequencing.  Multiple processing 
steps in any assay typically results in larger sample requirements and assay time. In 
contrast to conventional technologies, miniaturized micro/nanofluidics platforms require 
only small amount of sample volume, can simplify and accelerate the assay, and enables 
the study of single cells in a high-throughput manner.  
Microfluidic systems can greatly improve antibody reaction and 
immunoprecipitation times in ChIP assays and can also be used to improve assay 
throughput and automation. For instance, Quake and coworkers designed an automated 
microfluidic platform for ChIP that requires small cell populations. Fluid flow within the 
microfluidic chip was controlled using integrated pneumatic valves and pumps, enabling 
rapid and automated processing of immunoprecipitation procedures. Another approach 
for improved ChIP based histone modification analysis in a PDMS microfluidic device 
combining with magnetic beads. Rapid immunoprecipitation and purification of target 
DNA are achieved. Similar to the microfluidics devices described above, fluids are 
controlled in the PDMS microfluidic device by pumps and valves. 
Despite advances made in using microfluidics to improve ChIP methodologies, 
there is still a need to enable detection of multiple types of histone modifications 
simultaneously across the whole genome, on a single-cell level, in order to study 
epigenetic influences of rare cells.  Achieving this goal requires technologies that can 
bypass two limitations associated with the conventional ChIP process:  (1) The need for 
large number of cells to provide the required amount of nuclear material; and (2) The 
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inability to amplify chromatin.  These challenges have led to development of alternatives 
to ChIP to identify histone modifications directly on chromatin.   
 
Chromatin linearization 
Since chromatin exists in a highly compact state, specific markers in chromatin 
are quite difficult to discriminate when tangled.  ChIP assays include a shearing step to 
generate chromatin fragments to overcome the entanglement problem.  The harsh 
mechanical forces, however, may damage epigenetic information.  More importantly, 
extensive fragmentation of the chromatin strand destroys positional information for 
epigenetic markers on the genomic structure.  An alternative approach is to directly 
observe the position of epigenetic markers along a long strand of chromatin.  This 
approach requires chromatin to be linearized, a task suited to micro and nano-fluidics. 
Nanochannels are well known to provide confinement conditions that allow for reliable 
linearization of DNA. (Chantiwas et al., 2011; Douville et al., 2008; Lam et al., 2012; 
Reisner et al., 2005; Reisner et al., 2012)  More recently, chromatin has also been 
linearized by nanoconfinement.  With fluorescent labeling using multiple antibodies 
against specific histone modification, positions of epigenetic markers can then be directly 
imaged. (Cipriany et al., 2012; Cipriany et al., 2010; Matsuoka et al., 2012)   
To date, efforts to study DNA linearization in micro/nanofluidics have been 
oriented toward the visualization of single DNA molecules and the detection of target 
markers on DNA.(Hsieh et al., 2008; Levy and Craighead, 2010; Tegenfeldt et al., 2004)  
 
1.4 DISSERTATION RESEARCH PERSPECTIVES 
The ability to map the whole human genome, in combination with more recent 
advances in chromatin analysis based on histone modifications by the ENCODE project 
have provided the basis for scientists to identify the dynamic processes involved in 
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epigenetics.  The limitations imposed by available techniques, however, require 
development of additional novel technologies to enable genome-wide epigenetic analysis, 
using very few cells in a time and cost efficient manner. The ability to analyze positional 
relationships between multiple histone markers simultaneously from a single chromatin 
molecule would be one example of a novel tool that would enhance our mechanistic 
understanding of the roles of the various histone markings and how it contributes to 
normal physiology as well as disease. There are still relatively few micro- and 
nanofluidic methods that have been developed for chromatin analysis. Therefore, the 
tuneable nanofluidic platform described in my dissertation presents a promising approach 
towards achieving this goal. In conjunction with advances in super resolution imaging 
techniques, this platform approaches direct visualization of chromatin at the single 
nucleosome level for the structural analysis of chromatin, and the inheritance of 
chromatin during DNA replication.  
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FIGURES 
 
 
Figure 1.1 The concept of epigenetic regulation and reprograming 
Fertilized egg represents totipotency or iPS and ES represents pluripotency, they have the 
potential to differentiate down all pathways through dynamic epigenetic regulation. 
Bottom roots represent differentiated cells such as skin, neurons, liver, lung, muscle, 
blood cells etc. Alternatively, differentiated cell types in an individual can reverse their 
fate through epigenetic reprogramming. These induced pluripotent cells can be re-
differentiated to various cell types through dynamic epigenetic regulation, but cannot 
develop into an individual 
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Figure 1.2 Transcriptional relationship between chromatin structure and histone 
modifications on histones. 
Gene transcriptional activity can be controlled by chromatin structure such as 
heterochromatin and euchromatin. These chromatin structures can also be controlled by 
histone modifications, as demonstrated in the diagram which shows post-translational 
histone modifications on each histone. (Ac, acetylation; Me, Methylation). 
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            Chapter 2
 
 
Guided crack generation with uniform spacing 
The contents in this chapter have been adapted with minor modifications from the 
following publication: ‘Guided fracture of films on soft substrates to create micro/nano-
feature arrays with controlled periodicity’, Scientific Reports, 2013 
 
2.1 ABSTRACT  
While the formation of cracks is often stochastic and considered undesirable, 
controlled fracture would enable rapid and low cost manufacture of micro/nanostructures. 
Here, we report a propagation-controlled technique to guide fracture of thin films 
supported on soft substrates to create crack arrays with highly controlled periodicity. 
Precision crack patterns are obtained by the use of strategically positioned stress-focusing 
V-notch features under conditions of slow application of strain to a degree where the 
notch features and intrinsic crack spacing match. This simple but robust approach 
provides a variety of precisely spaced crack arrays on both flat and curved surfaces. The 
general principles are applicable to a wide variety of multi-layered materials systems 
because the method does not require the careful control of defects associated with 
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initiation-controlled approaches. There are also no intrinsic limitations on the area over 
which such patterning can be performed opening the way for large area micro/nano-
manufacturing.   
2.2 INTRODUCTION 
Fracture-induced patterns are ubiquitous in nature, and diverse patterns (Federl 
and Prusinkiewicz, 1996; Leung et al., 2001) are found in many inanimate objects such as 
dried mud and rocks.  Cellular or hierarchical crack patterns are also observed on the 
surfaces of living creatures, occasionally determining appearances (Ball, 2011; 
Milinkovitch et al., 2013).  In order to increase our understanding of these problems, the 
formation of crack arrays in multilayers has been extensively studied as a fundamental 
problem in fracture mechanics  (Beuth, 1992a; Hutchinson and Suo, 1992; Shenoy et al., 
2000; Thouless, 1990; Thouless et al., 2011a; Thouless et al., 1992; Ye et al., 1992). 
Using this knowledge of the theoretical background, artificial crack patterning on layered 
materials has been achieved for practical applications in micro/nano-fabrication (Adelung 
et al., 2004; Huh et al., 2007; Matsuoka et al., 2012; Mills et al., 2010; Zhu et al., 2005). 
Nevertheless, cracks are typically difficult to control precisely as a means of 
manufacturing, because they tend to initiate from random defects created during 
processing. Carefully-controlled conditions, such as those that can be obtained in a clean-
room, are required to create systems in which any natural defects are small and few 
enough for fracture to be controlled by the subsequent deliberate introduction of artificial 
flaws (Meitl et al., 2007; Nam et al., 2012). While it has been shown that such an 
initiation-controlled approach can be used to control fracture patterns (Nam et al., 2012), 
this technique has only been applied specifically to materials in which intrinsic flaws are 
kept below a minimum threshold, and is not robust against accidental introduction of 
damage or use with soft materials. Here, we report an alternative and more general 
propagation-controlled approach for precision cracking of multi-layered materials; one 
that is relatively robust and not sensitive to the nature of the flaws in the system. While 
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our experiments focus on thin films supported by silicone elastomers, the general 
principles elucidated by the observations are applicable to a broad range of multilayered 
systems. To our knowledge, this is the first approach to control crack patterns by 
propagation control, rather than initiation control, and it is a technique that can also be 
used on multi-layered soft materials, not prepared under clean-room conditions.  
2.3 METHODS 
Saw-tooth structure design and device fabrication.  
V-notch structures were fabricated using standard soft lithographic techniques. 
Patterns were designed in AutoCAD, and printed on transparent films (CAD Art inc.). 
SU-8 lithography was used to prepare a mold on silicon wafers. A 5:1 mixture of curing 
agent and PDMS (Sylard 184, Dow Corning) was mixed and cast against the molds, and 
were cured at 60°C for at least 4 hours, before peeling the finished structures from the 
mold. Two different thin film layers were produced on the cured PDMS: i) plasma treated 
oxidized PDMS layer: the cured PDMS having the transferred microstructures were 
directly exposed to plasma treatment for 6 min at 200 W (COVANCE-MP, Femto-
science inc.); ii) cured PDMS was coated with 10 nm of Cr layer first as a adhesion layer 
and then 40 nm of Au layer using e-beam deposition. A tensile strain was applied using 
specially designed stretchers. 
Microscopy and image analysis.  
The bright field images were acquired using a Nikon Ti-U microscope.  Laser 
interferometer (LEXT, Olympus OLS4000) at 100x magnification was used to observe 
3D images of cracks. The LEXT software was used to measure width, spacing, and depth 
of the cracks. 
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Strain rate dependent crack formation.   
Defined strain rate stretching was performed using a programmed, electric 
stepping motor driven stretcher (Scholar Tec Corp., Osaka, Japan. Model: NS-500; a 
similar system is available from Strex ST-140).  This system was used to compare crack 
formation between paired, un-paired, and alternating V-notch structures.  Crack images 
were taken by an inverted microscope.  
 
2.4 RESULTS 
Guided fracture of thin films deposited on soft substrates 
To investigate and demonstrate the concept of guided fracture, we designed 
parallel microgroove structures with opposing V-notch features, spaced up to 300 μm 
from each other (forming opposing saw-teeth structures). Polymer-“silica” and polymer-
metal bilayer systems were fabricated using micro-patterned polydimethylsiloxane 
(PDMS) substrates, supporting a thin surface layer of oxidized PDMS (SiOx, 200 nm 
thick (Mills et al., 2006)) or gold (Au, 40 nm on 10 nm chromium (Cr); Fig. 1a). (An 
adhesion layer of chromium was used to avoid delamination of the fold film during the 
formation of cracks in this system.)  
We determined experimentally that notch lengths of 40 μm were suitable to 
initiate crack formation in these systems under a minimum applied critical strain (εc) (Fig. 
1b). Since the notches are intended to activate existing intrinsic defects at their tips, and 
shadow defects at other locations, rather than introducing a region of significant stress 
concentration (Nam et al., 2012), the design of the notch angle was robust over a range of 
values (Fig. 2). Notch angles of 50
o
 were chosen for both systems presented in this work, 
because of the technical difficulties in fabricating an array of very sharp tips using SU-8 
photolithography. It was found that an angle of 50
o
 provided the optimum balance of 
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ease-of-fabrication and generation of single cracks. All further experiments were 
performed using these parameters while varying the spacing, d, between them.  
Earlier work has demonstrated that crack arrays are intrinsically much more dense 
for the SiOx/PDMS system than they are for the Au/PDMS system, owing primarily to 
the significantly higher modulus of the Au (Douville et al., 2011; Mills et al., 2010; 
Thouless et al., 2011a) (See Supplementary Information for further discussion of fracture 
on gold film). In our case, the natural crack spacing with uniform stress applied in the 
Au/PDMS system was 340±180 μm, and 16.2 ± 8.3 μm in SiOx/PDMS at 10% strain, 
consistent with analyses (Jiexi Huang, 2013).  The spacing of our V-notches fell between 
these two natural crack spacings, explaining the differences observed between the two 
material systems studied.  For example, the Au/PDMS system at 10% strain produced 
uniform cracks originating from the notch tips for all the spacings used (50 to 300 µm; 
Fig. 1c, Fig. 3, and Table 1).  The SiOx/PDMS system at a lower 6% strain, on the other 
hand, only formed uniform cracks with spacings ranging from 50 to 80 μm (Fig. 1d, Fig. 
4, and Table 2). At larger spacings and strains, additional cracks were formed between 
notches (Fig. 5). The high modulus of the gold was also responsible for driving the cracks 
into the substrate, which also affected the crack spacing (Douville et al., 2011; Thouless 
et al., 2011a). The wrinkles that often formed at higher strains perpendicular to the cracks 
were generated by a Poisson's ratio effect (Efimenko et al., 2005). The uncracked region 
of the substrate induced a compressive strain in the cracked surface layer, where the 
stresses had been relaxed by the cracks. This compressive transverse strain was relaxed 
by buckling.  
 
Three regimes of cracking.  
Three regimes of crack formation were identified based on the level of applied 
strain (Fig. 6a and Fig. 7).  In Regime I, at low strains below the threshold required to 
create uniform crack arrays, the ratio of the number of cracks to the number of V-notches 
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was less than 1.  In Regime II, at intermediate strains, there was a 1:1 correspondence 
between the number of cracks and notches. At higher strains, in Regime III, additional 
cracks were generated between the notches. It is important to note that before entering 
Regime III, one crack formed from every notch tip.  
As modeled (Jiexi Huang, 2013), in both Regimes I and III, the average crack 
spacing is similar to that obtained in systems without patterned notches. In Regime I, the 
thermo-dynamic spacing is larger than the spacing of the V-notches. In Regime III, the 
thermo-dynamic spacing is smaller than the spacing of the V-notches, and cracks can be 
initiated from intrinsic defects between notches. The range of strains over which Regime 
II can be obtained is dependent on the spacing between the notches, and is dictated by the 
strains corresponding to the inherent crack spacing that would be obtained in the absence 
of notches.  Therefore, the link between the appropriate strain range and the notch 
spacing depends on the material properties of the system (Fig. 6b-c).  Our experiments 
showed that a wider notch spacing reduces the strain range for Regime II and, while we 
were able to obtain a broad range of strains for Regime II in the Au/PDMS system, 
achieving the same strain range in SiOx/PDMS would have required a much smaller 
spacing of V-notches.  
 
Optimization of notch structure positioning and strain rates   
Although uniform crack spacing was achieved in Regime II, individual cracks in 
paired notches occasionally generated multiple branches.  Presumably, cracks 
simultaneously propagated from opposing sides and met to form misaligned cracks (Fig. 
8a). To reduce the incidence of such imperfections, we tested un-paired notch 
configurations that initiate cracks from one side only. However, cracks starting from the 
notched side occasionally did not propagate to the other side; and intrinsic defects along 
the un-patterned side were occasionally activated and extended to the notched side (Fig. 
8b). To address these imperfections, alternating notch structures were tested. This 
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configuration significantly improved crack quality, and cracks propagated only from the 
notches (Fig. 8c). The problem with paired notches is that each notch in a pair will be the 
same distance from a fully channeled crack.  Cracks will be equally likely to propagate 
from either notch. A similar problem exists with notches on only one side. Since the 
notches only serve to control crack propagation, and shield flaws at neighboring sites, 
channel cracks can equally likely grow from the un-notched side as from the notched side. 
The advantage of the alternating notches is that each notch on each side provides a single 
site from which it is thermo-dynamically possible for a crack to channel at a given level 
of strain and current crack pattern.  
Another fabrication parameter found to be useful for improving crack quality was 
the strain rate.  A reduction in the applied strain rate improved quality of cracks formed 
particularly for the paired and un-paired notch features (Fig. 8d).  This improvement is 
presumably because slow strain rates give cracks sufficient time to propagate across the 
specimen surface before fresh cracks were initiated from the opposite face.  
 
Controlled fabrication of arrays with user-defined variable crack spacing   
To demonstrate the versatility of this technique beyond uniformly spaced notches, 
structures with varying notch spacing were designed. Although with limits on the 
magnitude of notch spacing variability that could be accommodated, it was possible to 
generate arrays of cracks with variable spacing in both Au/PDMS and SiOx/PDMS 
systems (Fig. 9a-d).  The key is to maintain the applied strain and notch spacing such that 
the entire system stays within the cracking regime II (Fig. 6a).  We did observe, as 
expected, that for a given strain, crack widths were larger in regions of increased notch 
spacing (Fig. 9a-b), owing to the larger stress that had to be accommodated by each crack. 
Rather than have notch features with uniform or gradually increasing spacing, the notch 
features could also be made to have irregular spacing (Fig. 9c-d). Increasing crack 
lengths with offset notch positions (Fig. 9e) or aligned notch positions (Fig. 9f) could be 
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generated in Au/PDMS (Fig. 9e) or SiOx/PDMS system (Fig. 9f) to provide crack 
patterns over large areas.  Additionally, arrays of width-adjustable cracks that are each 
several millimeters in length could also be obtained (Fig. 10a). Millimeter long cracks in 
the Au/PDMS system were sometimes observed to be branched; however, this was 
overcome by utilizing sequential arrays of diamond shaped notches which encourage the 
crack generation in both directions and connected each other without branching (Fig. 
10b).   
 
Controlled fracture on curved surfaces 
We further utilized these principles to demonstrate fabrication of three 
dimensional, micro- and nano-sized patterns on multilayer soft polymer systems. (Fig. 11 
and Fig. 12)  Orientation of the crack patterns can be controlled by changing the applied 
forces. For example, a thin, Au/PDMS film (~1mm) was rolled and bonded into a 
cylinder by plasma treatment or a clip.  The film was thin enough not to generate cracks 
during the rolling step. A hoop stress was gradually applied to the cylinder by the slow 
expansion of a compressed foam cylinder (Fig. 11a). The resultant cracks followed the 
designed notch pattern (Fig. 11b), demonstrating that this technique is potentially 
applicable to broader ranges of non-flat pattern fabrication.  
 
2.5 DISCUSSION & CONCLUSION 
It is important to realize that the situation considered in the current work, and the 
strategy for forming regular pattern is fundamentally different from that presented by 
Nam et al. for relatively “defect-free” material systems (Nam et al., 2012). The approach 
described in that work was one that relied on controlling the flaw population responsible 
for generating cracks. By careful processing, the intrinsic flaw population was kept so 
low that, in the absence of artificial flaws, the crack spacing would be much greater than 
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expected from the predictions of fracture mechanics. The introduction of artificial flaws 
then allowed control of the crack spacing, but always at spacings much larger than the 
thermo-dynamic equilibrium levels. 
The mechanics of fracture can be broadly categorized into two situations: (i) the 
“defect-free” situation where there are few defects large enough to readily nucleate crack, 
and (ii) the situation where the number of large defects from which cracks readily 
propagate is not limiting. In the former situation, the limiting factor to initiate cracking is 
achieving sufficiently high stress. Thus, in such materials, cracks formation can be 
controlled by stress concentration without much concern for unintended crack formation. 
The challenge is creating materials with features that are sharp enough to create the level 
of stress concentration needed to form crack while maintaining the material devoid of any 
unintended damage or flaws. This type of defect-free materials requires careful 
fabrication techniques, often in a clean-room (Nam et al., 2012).  
The alternative situation in which crack arrays are propagation controlled is more 
common. Here, the statistics of the flaw population do not play a significant role in 
determining the average spacing of arrays, and the spacing is determined primarily by the 
applied strain, the toughness and thickness of the film and the modulus of the film and 
substrate (Dundurs, 1969; Mills et al., 2010; Shenoy et al., 2000; Thouless et al., 2011a). 
Thus, in such materials, controlled crack formation relies on the shielding of crack 
propagation from unwanted sites, rather than actively initiating cracks from artificial 
flaws. Our current work falls under this latter category, and a detailed analysis of the 
interaction between the mechanics and the statistics of these two approaches has been 
presented elsewhere (Jiexi Huang, 2013).  
To be more specific, whether intrinsic flaws might trigger random cracks to 
initiate would depend on the spacing between the V-notch stress concentrators and the 
intrinsic defect density. In our system, the notch spacing is much larger than the spacing 
between intrinsic flaws. Conversely, in the system described by Nam et al. (Nam et al., 
2012), the “natural” crack spacing, which assumes abundant flaws, can be estimated as 
being about 4 μm, using the data given in that paper (Nam et al., 2012) and the analysis 
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of Thouless et al. (Thouless et al., 1992).  This is much smaller than the notch spacing of 
100 μm that was used in that study, and the fact that the notches resulted in a crack 
spacing much larger than the natural spacing indicates that a very low density of intrinsic 
flaws was achieved by the careful processing. The systems we present in this chapter are 
much closer to an equilibrium configuration. Therefore, the fabrication of uniform crack 
arrays requires not only creation of stress-concentrating features, but coordination of 
spacing between the features with the applied strain. The beneficial consequence of this 
design approach is that the crack patterns are stable against the introduction of additional 
flaws making it more robust and applicable to a broader range of materials and 
processing parameters including curved and 3D soft structures.  
In summary, we demonstrate robust guidance of fracture in multilayer soft 
materials via selective activation of intrinsic defects based on matching spacing design 
and strain application with material properties of the system. In defect-rich materials such 
as utilized in this chapter, precision fracture fabrication requires undesired stress 
suppression first, then localized stress focusing to initiate cracks second. Here, we 
balance these two opposing requirements of stress relief and focusing using alternating 
V-notch features, slow strain rates, and most critically the use of a strain where the V-
notch spacing matches the equilibrium average crack spacing of the material system 
under study. This simple and versatile approach achieves surprisingly precise micro- and 
nanoscale features in a variety of readily-processed materials and in a variety of 
geometries including curved surfaces.   
 
2.6 ADDITIONAL DISCUSSION 
Discussion on fracture on gold film 
It should be emphasized that the fracture for both the oxidized film and the gold 
film were brittle in nature. All nano-scale thin metal films (including metals) are 
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inherently brittle (in the rigorous sense of the word used to describe the energy dissipated 
per unit area of crack advance), with a toughness that can be estimated approximately by 
the product of the thickness and yield strength as being less than about 50 J/m
2
 for a 100 
nm film.  However, when the film is supported on a relatively stiff substrate, the energy-
release rate for crack channeling is limited by the fracture mechanics, and the applied 
strain for crack channeling is about 5% (Beuth, 1992b; Hu et al., 1988), which tends to be 
higher than the yield strain. Conversely, if the film is supported on a very compliant 
substrate, the energy-release rate is much higher (Beuth, 1992b; Thouless et al., 2011b), 
and the strain required for crack channeling is lower, resulting in the observed brittle 
behavior on substrates such as PDMS.  Furthermore, in the absence of a constraint, such 
as when the film is unsupported (Pashley, 1960) or supported on a very complaint 
material such as PDMS (Douville et al., 2011) fracture is initiated by shear localization at 
the onset of yield.  The film deforms in an elastic fashion up to relatively high strains 
because of an elevated yield stress, and then catastrophically ruptures because of the 
shear localization.  Only when a thin metal film is supported on a substrate with a 
reasonable modulus, capable of providing significant constraint to the deformation and 
reducing the magnitude of the energy-release rate for channel cracking, can ductile 
behavior be induced (Li et al., 2005). 
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FIGURES  
 
Figure 2.1 Guiding formation of periodic cracks with saw-tooth structures 
 (a,b) Optical images and schematics of multilayer structures fabricated with an array of 
V-notches, (a) before and (b) after cracks are generated by applied tension. Periodic 
cracks are produced along V-notches. (c,d) Crack spacing in a (c) Au/PDMS and (d) 
SiOx/PDMS bilayer system with different saw-tooth spacings as compared to a control 
measurement without saw-tooth structures at (c) ε ~ 10% and (d) ε ~ 6%. Scale bar: 200 
μm. 
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Figure 2.2 Cracking relatively independent of ‘V-notch’ angle 
a, Schematics of multilayer structures with V-notches having different angles, θ. b, Crack 
formation in Au/PDMS and SiOx/PDMS bilayer systems under applied uniaxial tensile 
force. θ = 20°, 50°, 90° with a notch of fixed length a = 40 μm. but different anges. 
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Figure 2.3 Periodic uniformity of cracking on Au/PDMS layer 
a, Controlled spacing of the cracks on Au surface with different spacing between notches, 
 , (47.7 μm <   < 277.7 μm), Scale bar: 200 μm. b, Comparison of measured 
dimensionless crack spacing (  ) and dimensionless spacing considering the applied 
strain,(1+    on Au/PDMS system at   ~ 10%. The slope of the dash line ~ 1. 
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Figure 2.4 Periodic uniformity of cracking on SiOx/PDMS bilayer. 
a, Controlled spacing of the cracks formed on oxidized PDMS surface as spacing 
between notches,  , was changed (47.7 μm <   < 117.7 μm), Scale bar: 200 μm. b, 
Comparison of measured dimensionless crack spacing (  ) and dimensionless spacing 
considering the applied strain,(1+    on SiOx/PDMS system at   ~ 6%. The slope of the 
dash line ~ 1. 
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Figure 2.5 Crack formation on SiOx/PDMS systems that have different spacings between 
V-notches. 
At a given strain condition, short spacing regions have uniformly periodic cracks, 
whereas cracks are formed at V-notches as well as randomly in regions between notches 
where the spacing between notches is larger. Scale bar: 200 μm.  
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Figure 2.6 Regimes of cracking on thin film/PDMS layers. 
(a) Schematic of cracking regimes relating crack positions with V-notch positions. In 
Regime (I) fewer cracks are observed compared to the number of notches (number of 
cracks per V-notch spacing is less than 1.  In Regime (II), this ratio is equal to 1; and in 
Regime (III) the ratio is greater than 1. (b, c) Measured number of cracks per unit spacing 
depends on strain applied to the (b) Au/PDMS layer and (c) SiOx/PDMS layer. 
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Figure 2.7 Representative images of Au/PDMS layers and SiOx/PDMS layers under 
different cracking regimes  
Scale bar: 200 μm. 
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Figure 2.8 Optimal conditions for intact crack formation depend on structures of notches 
and strain rates. 
(a) A branched crack formed on samples with paired notch features. (b) A disconnected 
crack on samples with un-paired notch features. (c) Only single, intact cracks form on 
samples with alternating notch features. (d) Intact cracks formation increases at lower 
strain rates (  ~ 0.1/s, 0.01/s, and 0.001/s). Scale bar: 250 μm. 
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Figure 2.9 Controlled cracking on flat and curved surfaces. 
(a,b): Crack dimensions in (a) Au/PDMS bilayers and (b) SiOx/PDMS bilayers vary 
depending on V-notch spacing. (c,d) Irregular periodic spacing can also provide precisely 
generated cracks. (e) Increasing crack lengths structures generated by controlled cracking 
of an Au/PDMS bilayer. (f) Nanocrack arrays extending several millimeters in lengths 
and centimeters widths formed on SiOx/PDMS bilayers. Scale bar: 200 μm. 
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Figure 2.10 Millimeter long crack. 
a, millimeter long and nano-sized crack in SiOx/PDMS system. b, arrays of millimeter 
long, micron sized cracks in Au/PDMS system with the help of ordered diamond notches.  
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Figure 2.11 Three-dimensional micro- and nano sized patterns on multilayered polymeric 
system. 
a, microgroove features with V-notches before cracking. b, patterned cracks on a rolled 
Au/PDMS sheet. A thin, rolled Au/PDMS sheet was stretched by radial stress resulting 
from expansion of a compressed foam cylinder. Scale bar: 1mm. 
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Figure 2.12 Uniformly spaced cracks patterns of different lengths formed on curved 
surface. 
Demonstration of increasing crack lengths produced in a rolled Au/PDMS sheet on a 
foam cylinder. Cracks are formed from notches both on flat (left) and curved (right) 
substrate. 
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TABLES 
Table 2.1 Statistical results of crack spacing on Au/ PDMS layer 
Design spacing 
(μm) 
Control 57.70 67.70 77.70 97.70 117.70 197.70 277.70 
Spacing at 
ε ~ 10% (μm) 
- 63.47 74.47 85.47 107.47 129.47 217.47 305.47 
Average (μm) 335.52 59.98 71.63 80.17 103.99 127.46 213.55 293.41 
S.D 179.45 1.62 8.12 8.08 2.54 6.81 11.38 5.04 
 
 
Table 2.2 Statistical results of crack spacing on SiOx/PDMS bilayer 
Design spacing (μm) Control 47.70 57.70 67.70 77.70 
Spacing at ε~ 6% (μm) - 50.56 61.16 71.76 82.36 
Measured spacing (μm) 27.43 50.72 59.98 71.35 80.66 
Standard deviation (SD) 16.97 1.63 1.62 2.35 1.97 
 
 
 
 
 
 
 
43 
 
 
2.7 REFERENCES  
 
Adelung, R., Aktas, O.C., Franc, J., Biswas, A., Kunz, R., Elbahri, M., Kanzow, J., 
Schürmann, U., and Faupel, F. (2004). Strain-controlled growth of nanowires within thin-
film cracks. Nature materials 3, 375-379. 
Ball, P. (2011). Shapes: Nature's patterns: A tapestry in three parts, Vol 1 (Oxford 
University Press). 
Beuth, J. (1992a). Cracking of thin bonded films in residual tension. International Journal 
of Solids and Structures 29, 1657-1675. 
Beuth, J.L. (1992b). Cracking of Thin Bonded Films in Residual Tension. Int J Solids 
Struct 29, 1657-1675. 
Douville, N.J., Li, Z., Takayama, S., and Thouless, M.D. (2011). Fracture of metal coated 
elastomers. Soft Matter 7, 6493-6500. 
Dundurs, J. (1969). Discussion:“Edge-Bonded Dissimilar Orthogonal Elastic Wedges 
Under Normal and Shear Loading”(Bogy, DB, 1968, ASME J. Appl. Mech., 35, pp. 460–
466). Journal of Applied Mechanics 36, 650. 
Efimenko, K., Rackaitis, M., Manias, E., Vaziri, A., Mahadevan, L., and Genzer, J. 
(2005). Nested self-similar wrinkling patterns in skins. Nature materials 4, 293-297. 
Federl, P., and Prusinkiewicz, P. (1996). A texture model for cracked surfaces, with an 
application to tree bark. Paper presented at: Proceedings of Western Computer Graphics 
Symposium. 
Hu, M., Thouless, M.D., and Evans, A.G. (1988). The decohesion of thin films from 
brittle substrates. Acta Metallurgica 36, 1301-1307. 
Huh, D., Mills, K., Zhu, X., Burns, M.A., Thouless, M., and Takayama, S. (2007). 
Tuneable elastomeric nanochannels for nanofluidic manipulation. Nature materials 6, 
424-428. 
Hutchinson, J.W., and Suo, Z. (1992). Mixed mode cracking in layered materials. 
Advances in applied mechanics 29, 191. 
Jiexi Huang, B.C.K., Shuichi Takayama and M. D. Thouless (2013). The Control of 
Crack Arrays in Thin Films. Journal of Materials Science, (in press). 
44 
 
 
Leung, K.-T., Jozsa, L., Ravasz, M., and Neda, Z. (2001). Pattern formation: Spiral 
cracks without twisting. Nature 410, 166-166. 
Li, T., Huang, Z., Xi, Z., Lacour, S.P., Wagner, S., and Suo, Z. (2005). Delocalizing 
strain in a thin metal film on a polymer substrate. Mechanics of Materials 37, 261-273. 
Matsuoka, T., Kim, B.C., Huang, J., Douville, N.J., Thouless, M., and Takayama, S. 
(2012). Nanoscale squeezing in elastomeric nanochannels for single chromatin 
linearization. Nano letters. 
Meitl, M.A., Feng, X., Dong, J., Menard, E., Ferreira, P.M., Huang, Y., and Rogers, J.A. 
(2007). Stress focusing for controlled fracture in microelectromechanical systems. 
Applied Physics Letters 90, 083110-083110-083113. 
Milinkovitch, M.C., Manukyan, L., Debry, A., Di-Poï, N., Martin, S., Singh, D., Lambert, 
D., and Zwicker, M. (2013). Crocodile Head Scales Are Not Developmental Units But 
Emerge from Physical Cracking. Science 339, 78-81. 
Mills, K.L., Huh, D., Takayama, S., and Thouless, M.D. (2010). Instantaneous 
fabrication of arrays of normally closed, adjustable, and reversible nanochannels by 
tunnel cracking. Lab Chip 10, 1627-1630. 
Mills, K.L., Zhu, X., Lee, D., Takayama, S., and Thouless, M.D. (2006). Properties of the 
surface-modified layer of plasma-oxidized poly (dimethylsiloxane). Mechanics of 
Nanoscale Materials and Devices 924, 0924-Z0907. 
Nam, K.H., Park, I.H., and Ko, S.H. (2012). Patterning by controlled cracking. Nature 
485, 221-224. 
Pashley, D. (1960). A study of the deformation and fracture of single-crystal gold films 
of high strength inside an electron microscope. Proceedings of the Royal Society of 
London Series A Mathematical and Physical Sciences 255, 218-231. 
Shenoy, V., Schwartzman, A., and Freund, L.B. (2000). Crack patterns in brittle thin 
films. International journal of fracture 103, 1-17. 
Thouless, M.D. (1990). Crack spacing in brittle films on elastic substrates. Journal of the 
American Ceramic Society 73, 2144-2146. 
Thouless, M.D., Li, Z., Douville, N., and Takayama, S. (2011a). Periodic cracking of 
films supported on compliant substrates. Journal of the Mechanics and Physics of Solids. 
Thouless, M.D., Li, Z., Douville, N.J., and Takayama, S. (2011b). Periodic cracking of 
films supported on compliant substrates. J Mech Phys Solids 59, 1927-1937. 
45 
 
 
Thouless, M.D., Olsson, E., and Gupta, A. (1992). Cracking of brittle films on elastic 
substrates. Acta metallurgica et materialia 40, 1287-1292. 
Ye, T., Suo, Z., and Evans, A.G. (1992). Thin film cracking and the roles of substrate and 
interface. International Journal of Solids and Structures 29, 2639-2648. 
Zhu, X., Mills, K.L., Peters, P.R., Bahng, J.H., Liu, E.H., Shim, J., Naruse, K., Csete, 
M.E., Thouless, M., and Takayama, S. (2005). Fabrication of reconfigurable protein 
matrices by cracking. Nature materials 4, 403-406. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
46 
 
 
 
            Chapter 3
 
 
Fracture-based Fabrication of Normally-closed, Adjustable and 
Fully Reversible Micro-scale Fluidic Channels 
The contents in this chapter have been adapted with minor modifications from the 
following publication: ‘Fracture-based Fabrication of Normally-closed, Adjustable and 
Fully Reversible Micro-scale Fluidic Channels’, Small, 2014 
 
3.1 ABSTRACT 
Adjustable fluidic structures play an important role in microfluidic systems.  
Fracture of multilayered materials under applied tension has been previously 
demonstrated as a convenient, simple and inexpensive approach to fabricate nano-scale 
adjustable structures; here, we demonstrate how to extend this concept to the micro-scale. 
We achieve this by a novel pairing of materials that leverages fracture mechanics to limit 
crack formation to a specified region, allowing us to create size-controllable and 
adjustable microfluidic structures. We demonstrate that this technique can be used to 
fabricate ‘normally-closed’ microfluidic channels that are completely reversible, a feature 
that is challenging to achieve in conventional systems without careful engineering 
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controls.  The adjustable microfluidic channels are then applied to mechanically lyse 
single cells, and subsequently manipulate the released nuclear chromatin, creating new 
possibilities for epigenetic analysis of single cells.  This simple, versatile and robust 
technology provides an easily accessible pathway to construct adjustable microfluidic 
structures, which will be useful in developing complex assays and experiments even in 
resource-limited settings. 
 
3.2 INTRODUCTION 
Adjustable fluidic structures are of critical importance in the control and 
manipulation of fluids at the microscale.  The use of these structures as valves (Grover et 
al., 2003; Unger et al., 2000), flow controllers (Abate et al., 2009), and pumps (Gu et al., 
2004) has significantly improved microfluidic throughput (Melin and Quake, 2007), 
automation (Sun et al., 2012), and sorting and trapping capabilities (Lenshof and Laurell, 
2010), particularly for biological applications.  However, fabricating adjustable structures 
is typically a challenging process, requiring unconventional fabrication techniques or 
precisely controlled actuation mechanisms.  Given that biological applications generally 
require robust, reliable and precise control of microstructures, there exists a need for 
simple technologies that enable dynamic manipulation of micron-scaled features. 
Previous work in our lab has focused on the fabrication of adjustable nanoscale 
fluidic channels by the formation of stable arrays of cracks in multilayered materials 
under applied tensile strains(Chantiwas et al., 2011; Dixon et al., 2014; Huh et al., 2007; 
Matsuoka et al., 2012; Uchida et al., 2009; Zhu et al., 2005).  In these studies, a thin 
brittle layer of oxidized PDMS is sandwiched between two tough PDMS slabs, and 
fractured to form stable nanofluidic crack structures.  This nanofabrication approach is 
simple, robust and versatile; we and others have used these technologies for various 
biomedical applications (Kim et al., 2014; Matsuoka et al., 2013).  These have included 
the use of fractured nanofluidic channels to mechanically elongate DNA for epigenetic 
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analysis of chromatin (Matsuoka et al., 2012), and to sort and trap nanoparticles (Huh et 
al., 2007).  An open crack configuration has also been used as adhesive protein matrices 
for cell culture (Dixon et al., 2014; Moraes et al., 2014; Zhu et al., 2005).  While the 
utility of this nano-crack technology has been established for handling and patterning 
nano-scaled structures, the ability to extend this technology broadly into the micron-scale 
regime could be particularly fruitful.  For example, such techniques would enable the 
transport of sufficient quantities of reagents to maintain and stimulate cultured cells: a 
prerequisite for most microfluidic cells-on-chip applications.  In this work, we build on 
our previous experience with fracture-based fabrication techniques to develop a reliable 
and versatile system that generates predictable, adjustable and fully-reversible fluidic 
features at the scale of microns. 
The characteristic dimensions of fracture-fabricated structures in oxidized PDMS 
/ PDMS systems are typically limited to < 1 µm (Mills et al., 2008).  This limitation 
arises because cracks formed in this system do not significantly tunnel into the 
underlying PDMS, and the crack depth is limited to the thickness of the oxidized PDMS.  
Fabricating oxidized layers thicker than 1 µm is challenging as the layer has a 
mismatched thermal coefficient with the substrate, and sample heating associated with 
the plasma oxidation process causes the spontaneous formation of undesired cracks 
(Béfahy et al., 2009; Tooley et al., 2011).  Hence, it is challenging to use this system to 
extend the crack features beyond sub-micron dimensions. 
An alternative approach, recently explored by our group (Cheng et al., 2013; 
Douville et al., 2011; Kim et al., 2013) and others (Adrega and Lacour, 2010; Lacour et 
al., 2003; Sun et al., 2012), is the use of a deposited metal layer of gold on bulk PDMS.  
The huge modulus mismatch with the PDMS substrate prompts the formation of cracks 
that tunnel into the PDMS. The depth to which these cracks grow is dependent on the 
distance between neighboring cracks, as well as on the applied strain and 
modulus/toughness mismatch between the materials (Thouless et al., 2011). Although 
this system may be used to generate micron-scaled crack structures, the crack dimensions 
cannot be reliably controlled, and exhibit broad variability.  Moreover, this approach 
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requires physical vapor deposition systems available only in specialized cleanrooms, and 
the devices are not optically transparent, preventing use of these systems with 
conventional inverted microscopes.   
In order to provide a versatile, tunable system in which crack fabrication can be 
used to generate a broad variety of structures at the micron scale, we present a novel 
material pairing that allows us to define the crack depth and width independently at this 
scale.  Our strategy is based on preventing cracks from propagating into the substrate by 
selecting a material for the brittle layer with appropriate mechanical properties that can 
be deposited as a film of micron-scale thickness.  hard PDMS (h-PDMS) (Schmid and 
Michel, 2000) is a variant of PDMS that can be spin-coated onto the PDMS substrate, 
and is brittle enough to initiate cracking.  However, in contrast to gold, h-PDMS has a 
relatively small modulus mismatch with the substrate and, therefore, strongly localizes 
cracks to the surface layer.  Hence, h-PDMS can be used to generate crack structures with 
well-defined dimensions at the micron-scale.  We established that these structures are 
robust, adjustable, and completely reversible.  We demonstrated the utility of this 
approach in designing ‘normally-closed’ adjustable microfluidic channels.  We then used 
this technology to mechanically lyse and release chromatin from single cells for 
epigenetic analysis.  This was achieved because of the unique capabilities of the system 
to allow a channel at the micron-scale to collapse all the way to a completely-closed 
configuration.  By opening the channels to the micron scale, individual cells can be 
positioned within them.  These cells can then be mechanically lysed by collapsing the 
micro-channels to release nuclear chromatin.  Further collapse of the channels through 
the nano-scale induces elongational shear flow that linearizes the chromatin complex 
(Matsuoka et al., 2012).  
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3.3 METHODS 
Multilayer sample preparation 
PDMS elastomers were prepared and cured on glass slides whose surface had 
been rendered non-adhesive to PDMS by exposure to the vapor phase of the silanization 
agent (tridecafluoro-1,1,2,2-tetra-hydrooctyl)-1-trichlorosilane (United Chemical 
Technologies) for 30 minutes (Figure 1a).  h-PDMS was prepared following established 
protocols (Odom et al., 2002).  3.4g of vinyl PDMS pre-polymer (VDT-731; Gelest 
Corp.), 18 μl of a platinum catalyst (platinum-divinyltetramethyldisiloxane, SIP6831.2, 
Gelest Corp.) and a drop of a modulator (2,4,6,8-tetramethyl-tetravinylcyclotetrasiloxane, 
396281, Sigma-Aldrich) were mixed and degassed for several minutes.  To initiate 
polymerization, one gram of a hydrosilane prepolymer (HMS-301; Gelest Corp.) was 
added; the system was mixed thoroughly and degassed for one minute. The h-PDMS was 
then diluted in hexane (20% or 50% w/w depending on the desired thickness) to reduce 
the viscosity of the fluid, and spin-coated onto the silanized glass slide, using different 
spin times and speeds to control the thickness of the h-PDMS layer.  The relationship 
between film thickness, spin-time and speed was characterized using a laser 
interferometer (LEXT, Olympus OLS4000). Combinations of three different spin speeds 
(2000 rpm, 4000 rpm, and 6000 rpm) and four different spin times (30s, 60s, 120s, and 
600s) were employed to generate films of various thicknesses.  This layer was then 
partially cured in an oven at 120 °C for one minute to stabilize the liquid film.   
Standard PDMS elastomer was prepared using a Sylgard 184 kit (Dow Corning) 
by mixing the monomer and cross-linking components in a 10:1 ratio.  The resulting 
mixture was degassed, and cast to a thickness of 5 mm over the partially cured h-PDMS 
layer.  The entire system was then cured at 60 °C overnight, before the h-PDMS / PDMS 
bilayer was peeled from the glass slide, and stored at room temperature until use.   
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Materials characterization 
The Young’s moduli of the PDMS and h-PDMS were measured using uniaxial 
tensile tests and compression tests.  The tensile specimens were prepared by casting 
PDMS and h-PDMS in dog-bone shaped molds, following ASTM E1820-11e2.  After 
release from the molds, the specimens were clamped in wedge grips.  The tensile tests 
were performed at room temperature using an MTS 858 Bionix II tensile machine. The 
load was applied at a constant strain rate of 0.0080/s, and the load was measured using a 
250 N load cell. The strains were determined using MetaMorph software to analyze the 
displacements of markers on the sample that had been recorded optically. True stress-
strain curves were used to calculate the Young’s modulus of each material.  
 
The compressive tests were conducted using a TA XT-PLUS Texture analyzer, 
set up with a 30 kg load cell.  PDMS and h-PDMS samples were cast and cured to a 
thickness of 5-10 mm in 22 mm diameter containers.  A stainless steel spherical indenter 
of radius 6.35 mm was used to apply a deformation of 250 µm into the material.  The 
resulting force-displacement curves were fitted to a Hertzian spherical indentation model 
to calculate the modulus of the material.  For the compression tests, three indentation 
curves were generated from each of at least three independent samples, and averaged.  
The toughness of the h-PDMS was measured using a tensile specimen with an 
edge crack that had been introduced by a razor blade.  The crack was imaged optically 
during the tensile test. No sub-critical crack growth was observed, so the peak load and 
the original crack length were used to determine the toughness. The toughness of the 
standard PDMS was previously reported by Mills et al. using a compact-tension 
specimen (Mills et al., 2008). 
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Crack generation and analysis 
After peeling from the glass slides, the multilayer samples were loaded into a 
MicroVice Holder (S.T. Japan USA LLC. FL, USA).  The MicroVice is a microscope-
compatible device capable of manually applying uniaxial strains to the sample.  These 
applied strain generated the cracks used as micro-channels.  Where orthogonal arrays of 
channels were required, biaxial strains were applied using a homemade biaxial stretching 
system, built by assembling the component parts of two MicroVice sample holders on a 
custom-fabricated acrylic plate.  The applied strains were measured using digital calipers 
with a resolution of 0.01 mm, and the resulting crack dimensions were determined using 
a laser interferometer (LEXT, Olympus OLS4000). Recorded characteristics included the 
crack width and depth, and the average spacing between cracks.   
Modeling crack deformation 
The cross-sectional profiles of cracks in the h-PDMS / PDMS system were 
simulated using a hyperelastic material model in the commercially available finite-
element analysis software ABAQUS (Dassault Systèmes).  The model simulated a 7.2 
µm thick layer of h-PDMS bonded to a 5 mm thick layer of PDMS, under applied strains 
of 25 and 35%.  The depth of crack penetration into the PDMS layer was iteratively 
determined by fitting to the experimental data for the crack profile.   
 
Fabrication of microfeatures within sealed bilayer structures 
V-notch shaped stress concentrators (Huang et al., 2014; Kim et al., 2013) [21,28], 
arrayed diamond-shaped chambers, and micropatterned features for fluid flow were 
fabricated into the h-PDMS layer by spin-coating the h-PDMS layer onto a 
microfabricated SU-8 (Microchem) master structure fabricated on a silicon wafer using 
standard photolithography.  After the h-PDMS layer was partially cured, a layer of 
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standard PDMS was cast over the mold and cured overnight at 60 °C.  The h-PDMS / 
PDMS bilayer was then carefully peeled from the mold, and stretched to generate cracks.  
The h-PDMS side of the bilayer was then plasma oxidized and placed in conformal 
contact with a similarly treated slab of cured PDMS and allowed to bond covalently, 
forming the PDMS / h-PDMS / PDMS sandwich structure.  
To characterize the sealed channels, Rhodamine B solution was loaded into the 
microchannels so that the crack dimensions could be measured directly by confocal 
fluorescent microscopy. Alternatively, to avoid binding of hydrophobic dyes to the 
PDMS channel walls, a food-coloring dye was diluted in a mixture of water and ethanol, 
loaded into the channels, and imaged under varying degrees of strain. 
 
Mechanical lysis of cells 
HeLa cells were cultured in growth medium (Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% Fetal Bovine Serum and 1% antibiotics-antimycotics), 
and stably transfected to express a green-fluorescent H2B histone protein as previously 
described (Matsuoka et al., 2012).  To conduct the lysis experiments, cells were 
trypsinized, centrifuged and resuspended at a density of ~10
5
 cells/mL.  Cells were 
loaded into parallel microchannels fabricated into the multilayered h-PDMS / PDMS 
material, and tension was applied in the same direction as the microchannels.  Cracks 
connecting the microfluidic channels were generated, and single cells were driven into 
the cracked channels by slow flow.  Once in the channels, the tensile strain was slowly 
released to pin and mechanically lyse the cell within the microfluidic channel.  Cell lysis 
was confirmed by rapidly opening and closing the channel to generate elongational fluid 
flows (Matsuoka et al., 2012) and linearize the released chromatin.  Linearized chromatin 
was visualized using standard fluorescent microscopy with a 40x objective. 
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3.4 RESULTS & DISCUSSION 
 
Mechanical characterization of materials 
h-PDMS is known to be stiffer and more brittle than conventional PDMS (Odom 
et al., 2002; Schmid and Michel, 2000). Tensile and compressive characterization tests 
confirmed these findings; the moduli were 3.7 ± 0.3 MPa for the PDMS and 9.2 ± 0.6 
MPa for the h-PDMS. The mode-I toughness for the same PDMS used in this study was 
reported by Mills et al. (Mills et al., 2008) to be 460 ± 50 J/m
2
. The toughness of the h-
PDMS was determined to be 12.9 ± 2.7 J/m
2
 (all mechanical characterization data are 
summarized in Table 1).  These data of a comparable modulus and a reduced toughness 
for the h-PDMS compared to the PDMS are important because they mean that cracks in 
the multi-layer system will essentially be localized to the h-PDMS film layer, rather than 
propagating significantly into the underlying PDMS substrate (Beuth and Klingbeil, 1996; 
Thouless et al., 2011).  Furthermore, the toughness of the h-PDMS is significantly higher 
than the toughness of the oxidized PDMS (0.1-0.3 J/m
2
); this avoids the problems of 
spontaneous cracking from thermal mismatch that occurs with thicker oxidized films. 
  
h-PDMS processing and biocompatibility 
The ability to fabricate a thin film of a precisely defined thickness is an important 
feature in PDMS processing (Kang et al., 2013; Sun et al., 2012) and, in this particular 
application, the thickness of the h-PDMS is a critical parameter as it dictates the crack 
depth. Hence, the relationship between spin parameters and film thickness was carefully 
characterized for h-PDMS (Figure 2).  As expected, spin speed plays a significant role in 
defining the film thickness, and the film thickness exponentially decreases towards a 
lower limit with spin time.  The use of hexane as a solvent to reduce the viscosity and, 
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hence, the film thickness of h-PDMS was also characterized (Figure 3); but this was 
found not to make a substantial difference over the range of hexane/PDMS dilutions 
tested, particularly for longer spin times. This is likely caused by increased solvent 
evaporation during extended spin times. These results confirm that thin films of h-PDMS 
can be processed in a manner compatible with PDMS fabrication processes, and a range 
of film thicknesses from less than 1 µm to greater than 20 µm can be produced.  For all 
further studies discussed in this chapter, a spin speed of 6000 RPM was used, and the 
spin times were varied to control the h-PDMS film thickness. 
 
To ensure that h-PDMS retained the advantages of PDMS for any potential 
biological applications, we conducted a simple biocompatibility study to test cell 
adhesion to h-PDMS surfaces.  Fibroblasts adopted well-spread morphologies after one 
day in culture (Figure 4), and showed no unusual phenotypes.  This data strongly 
suggests that h-PDMS may be used without unusual surface modifications for biological 
cell-culture applications. 
 
Characteristics of crack profiles 
Cracks were formed in multilayered materials by application of mechanical force.  
Strains were applied to devices using a commercially available MicroVice stage.  The use 
of a simple tensile stage to actuate adjustable microfluidic structures provides some 
significant advantages over other actuation technologies, such as pneumatic- or 
hydraulically operated devices.  The stage   is stable, robust, inexpensive, easily 
transported, independent of external power supplies, and bypasses the need for extremely 
robust world-to-chip connections, a common source of failure in conventionally operated 
microfluidic devices.  Strains up to 60% could be applied to the PDMS samples without 
them breaking.   
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The average spacing between cracks, S, in systems without V-notches, but with 
different film thicknesses, h, were measured (under strain) to confirm that the cracks 
were limited to the h-PDMS film (Beuth and Klingbeil, 1996; Thouless et al., 2011).  
Although all data presented in this work were for cracks of length 5 mm, as dictated by 
the relevant width of the samples, we have demonstrated that crack lengths in excess of 
10 mm could be generated (Figure 5).  The length of the cracks appears to be limited only 
by the ability of the rig to apply uniform strains across the sample surface. As shown in 
Figure 6, the non-dimensional strain-corrected average crack spacing, S/h(1+εo), scales 
with the non-dimensional parameter (Ef h/ f)1/2  (where ε0 is the applied strain, and Ef 
and Γf are the modulus and toughness of the h-PDMS).  This is the result expected from 
the fracture-mechanics of thin films when the crack depth is limited to the film thickness, 
and there is no delamination at the interface.   
To quantify the degree to which cracks are localized to the h-PDMS, increasing 
levels of strain were applied to systems with different thicknesses of h-PDMS films, and 
the crack depth (distance from the center of the crack trough to the imaginary line 
connecting the crack tips) was quantified using laser surface profilometry (Figure 7A).   
The crack depth was found to be relatively stable up to 60% applied strain, at which point 
the supporting PDMS layer underwent catastrophic failure.  Small changes in the crack 
depth and variations in crack profile at higher strains suggest that cracks do penetrate 
slightly into the underlying PDMS layer, but the degree to which this occurs is relatively 
small, consistent with the slightly larger modulus of the cracked layer (Thouless et al., 
2011).   Surface profilometry also revealed that the cracks had relatively flat profiles 
(Figure 7B, C; blue data points).  
To confirm the mechanics underlying these dual observations of slight penetration 
and flat-bottomed crack profiles, numerical finite-element calculations were conducted.  
The relatively flat bottom of the crack profile suggests that the strain at the tip of the 
cracks was huge.  Therefore the full stress-strain behavior of PDMS allowing for large 
deformations of the material was used in the simulations (Mills et al., 2008).  The 
simulated penetration depth, a/h, was iteratively varied to give the best match to the 
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experimentally measured crack profiles. Comparisons between the simulation results and 
experimental measurements (Figure 7B, C) indicate that a/h = 1.10 at 25% applied strain 
and a/h = 1.14 at 35% applied strain.  The small increase in penetration with a large 
increase in strain is consistent with experimental observations, and quantifies the close 
relationship between the thickness of the h-PDMS film and the depth of the generated 
crack.  (It should be emphasized that even if a film is only slightly stiffer than a substrate, 
cracks are expected to extend slightly across the interface and into the substrate.  
However, consistent with the experimental observations, this penetration is expected to 
be insignificant for small modulus mismatches and tough substrates (Thouless et al., 
2011). 
To determine the reversibility of the system, the crack profiles were monitored 
using laser surface profilometry during cycles of applied load (Figure 8).   These 
measurements revealed that the cracks appeared to have healed perfectly when allowed to 
close, with healing presumably associated with a physical attraction such as the van der 
Waals force.  The complete reversibility of the system confirms that there was no 
delamination at the interface.  This was further confirmed by experiments described in 
section 3.5, in which cracks formed in h-PDMS sandwiched between two PDMS layers 
were loaded with dye, and no apparent penetration into the interface is observed.  
Furthermore, cyclic strains were applied and released repeatedly; this resulted in fully-
reversible and completely-closed cracks, without additional damage to the material.   
Taken together, these results demonstrate that the depths of generated cracks can 
be fairly accurately controlled by specifying the thickness of the h-PDMS layer.  Once a 
crack has been formed, its width can be controlled by varying the applied strain, both to 
open and close it.  The fact that the crack dimensions can be varied in such a fashion 
suggests that this material system is suitable for the generation of well-controlled and 
adjustable micro-scale fluidic channels.  In principle, even larger channels can be 
generated by thicker layers of hPDMS. 
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Predictive control of crack position and width 
As is the case with conventional oxidized-PDMS / PDMS multilayer systems, it is 
challenging in the present h-PDMS/PDMS system to control precisely the location of 
individual cracks because of the statistical nature of the intrinsic flaws responsible for 
initiating channeling cracks (see the error bars in Figure 5).  Since the width of a crack is 
sensitive to the distance to its nearest neighbors (Thouless et al., 2011), it is important to 
control the crack spacing if one wishes to control the crack width in adjustable 
microfluidic systems.  Furthermore, control of crack location will be necessary in 
utilizing this approach for specific microfluidic applications.  Therefore, we adapted an 
approach we developed recently to selectively activate intrinsic flaws in the h-PDMS 
material using microfabricated crack-initiating structures (Kim et al., 2013).  To 
demonstrate this capability in the present system, we micro-fabricated V-notches spaced 
700 µm apart and incorporated them into the h-PDMS layer.  These notches shield 
intrinsic flaws from the applied stress field, leaving only the flaws at their tips to be 
active and available to initiate a crack at the desired level of strain (Huang et al., 2014).  
As a result, cracks channel across the film from the tips of these notches.  For h-PDMS 
layers of 5-11 µm in thickness, cracks only formed at these pre-specified sites for applied 
strains ranging from 5 to 25% (Figure 9A).  In order to prevent additional randomly 
positioned cracks, the design of the V-notch spacing can be adjusted according to the 
desired strains and thickness of the h-PDMS, as previously described (Huang et al., 2014; 
Kim et al., 2013).  This simple demonstration indicates that the position of crack-
generated microchannels can be specified a priori as part of the design process.   
As expected, using the V-notch system to control spacing between cracks, allows 
the crack profiles to be controlled fairly accurately. The crack width can be controlled up 
to 50 µm, and depends upon the thickness of the h-PDMS film and the applied strain 
(Figure 9B).  Some variation in widths on the spacing-controlled systems were observed 
with the h-PDMS / PDMS system possibly due to small localized variations in 
mechanical properties of the h-PDMS polymer layer.  The widths of the cracks generated 
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in this system are of the same order of magnitude as those needed for many microfluidic 
devices, indicating that this system may be useful for a number of applications in 
developing adjustable microfluidic channels and systems.   
 
Design of normally closed microfluidic systems 
To demonstrate the potential applications of this system to the development of 
adjustable micro-scale fluidic platforms, we fabricated a simple geometrically-
controllable and fully-reversible microfluidic channel. To achieve this, a pre-cracked 
brittle h-PDMS / PDMS bilayer was sealed against a PDMS slab (Figure 10A).  Applied 
tension enlarges the cracks in the sandwiched layer, enabling control of crack width by 
varying the applied strain.   A fluorescent solution of Rhodamine B was passed through 
the crack structures to enable clear visualization of channel dimensions (Figure 10B) and 
cross-section (Figure 10C).  The crack cross-section follows the expected profile shown 
in Figures 7 and 8.  Vertical asymmetry in the channel profile is due to the fabrication 
procedure: cracks were generated in the h-PDMS / PDMS bilayer first, before bonding 
the second PDMS layer to seal the channel, resulting in a flat profile on one side, and a 
parabolic profile on the other.  Additional experiments in which the cracks were 
generated after forming the tri-layer showed the symmetry in the confocal images 
expected for two crack tips (data not shown). 
Releasing the applied strain drove the dye out of the system.  In the case of non-
adsorbing dyes, such as food coloring in water (Figure 10D), the liquid was completely 
removed from the channel and could no longer be detected by image analysis (Figure 
10E).  Hence, microfluidic channels that are normally closed and completely reversible 
can be fabricated using this technique.   
The ability of the system to completely heal a generated crack is of particular 
importance in applications that typically require microfluidic valves.  Typically, valve 
structures require complex fabrication procedures to create hemispherical channels 
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(Unger et al., 2000) or bell-shaped channels (Futai et al., 2004; Lai et al., 2013) to allow 
the deformation of one of the channel walls to form a leak-proof seal.  Such valves 
provide significant advantages such as highly-localized actuation capabilities, but are also 
challenging to mass produce, requiring careful alignment techniques or workarounds 
(Moraes et al., 2009), expensive operating equipment, and specialized expertise in 
multilayer soft lithography  (Melin and Quake, 2007).   While the fracture-fabricated 
adjustable microchannels presented in this work cannot provide highly localized and 
individually addressable valve actuation, they may significantly improve the fabrication 
process and workflow for applications involving simultaneous operation of multiple 
valves.  To demonstrate the potential of this technology in such applications, we 
fabricated diamond-shaped cavities within the h-PDMS layer (Figure 10F).  The cavities 
simultaneously direct the formation of cracks through stress concentration, and can serve 
as reaction chambers or compartments.  Either rows or columns of chambers can be 
connected serially via uniaxial applied strains, or simultaneously connected across all 
rows and columns via biaxial strains.  Furthermore, our micro-scale structures heal 
completely once the applied strain is removed, without the specialized fabrication 
considerations and operating equipment required in most systems requiring microfluidic 
valves.  This ability to selectively address and compartmentalize rows or columns of 
reaction chambers may be applied to various microfluidic applications, such as single-cell 
trapping for analysis or culture, high-throughput reaction screens, or for analytical 
applications requiring single-molecule compartmentalization.   
The relatively flat-bottomed crack profiles observed (Figure 8, 10C) may also be 
a significant advantage in many microfluidic applications.  Cracks in this h-PDMS / 
PDMS system display a more rectangular shape than the sharp parabolic profiles 
demonstrated in gold / PDMS systems (Douville et al., 2011).  This may be of importance 
for applications involving microscopy, particularly of cultured cells.  The presence of a 
flat culture surface would enable simple microscopy-based image collection and analysis 
of cells cultured in the adjustable microfluidic structures.  In contrast, parabolic crack 
profiles present potentially undesirable and undefined topographical cues to cultured cells, 
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and necessitate the use of complex and expensive analytical tools and equipment such as 
confocal or autofocusing microscopes.  The flat culture surfaces also simplify 
calculations and modeling of fluid flow for potential studies involving the application of 
flow-induced shear stress on cultured cells (Moraes et al., 2011).   
Although the characterization data presented in Figures 1 and 9 is limited to 
relatively small microfluidic channels, the working principles of this technique are 
applicable to generate a wide variety of channel dimensions.  Beyond the specifications 
of the present system, silicones that can support greater ultimate tensile strains may be 
used to generate wider channels.  The h-PDMS may be processed into thicker layers to 
create deeper channels, and may be blended with other polymers to increase material 
toughness and reduce any unintentional cracking during sample handling.  Furthermore, 
the methods used in the preparation of these substrates are compatible with recent interest 
in DIY (do-it-yourself) “garage microfluidics”, and the ability to conduct microfluidic 
experiments with minimal equipment, training and facilities.  Replacing oxidized PDMS 
with h-PDMS as the brittle layer eliminates the need for expensive and specialized 
plasma oxidation systems, and adjustable microfluidic channels can be fabricated using a 
spin-coater and a weigh scale to measure PDMS and h-PDMS components.  While we 
chose to spin-coat the h-PDMS layer onto the PDMS slabs, this process can easily be 
replaced by the industrially-used spreading process, in which the h-PDMS is coated on 
the surface and smoothed with a blade; a procedure which does not require specialized 
equipment, and can be done by hand.  Hence, this procedure is applicable in a variety of 
contexts, including resource-limited settings.  Finally, because the h-PDMS layer is 
mechanically tougher than oxidized PDMS layers, it is experimentally easier to handle 
the substrates without causing undesired cracking due to unintentional mechanical 
deformation, making this technique both reliable and experimentally simple. 
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Application:  Mechanical lysis of single cells and manipulation of nuclear chromatin  
As a first demonstration of the unique utility of this technology to biological 
studies, we used the normally-closed micro-scale fluidic channels to mechanically lyse 
individual cells and manipulate the chromatin released from the nucleus, for subsequent 
epigenetic analysis of single cells.  This process is demonstrated in Figure 11.  The 
PDMS / h-PDMS / PDMS system enables the generation of channels that can be 
reversibly opened to widths of 10s of microns, and these channels are large enough to 
accept a dilute suspension of single cells.  Once a single cell is positioned in the channel, 
the channel is collapsed by slowly reducing the external tension on the device.  The 
collapsing channel walls pin, compress and lyse the cells, releasing the chromatin 
complex from the cell nucleus.  The channel is then opened and rapidly closed, 
generating elongational squeezing flows that linearize the released chromatin (Figure 11).  
As discussed in our previous work (Matsuoka et al., 2012), elongational flows along one 
dimension of a channel as well as simultaneous constraints presented along the other two 
dimensions are necessary to linearize chromatin.  These dynamic mechanical constraints 
cannot be replicated in conventionally deformable mechanical lysis chambers, which are 
hence unsuitable for the structural manipulation of chromatin (Kim et al., 2007).  For 
visualization purposes, the cells used in this demonstration have been transfected to 
stably express fluorescently labeled histones (H2B) in the chromatin complex.  While the 
degree of chromatin linearization relative to its contour length is small in this initial 
demonstration, it is noted that we have previously demonstrated the ability to linearize 
chromatin strands to a greater degree using nanoscale fracture-based channels (Matsuoka 
et al., 2012).  However, this previous nanoscale chromatin linearization study (Matsuoka 
et al., 2012) required chromatin materials from many cells to be pooled together to allow 
for liquid handling needs.  The ability to construct both microscale and nanoscale 
channels by fracture opens the way for future studies with devices that integrate 
microscale single-cell lysis followed by nanoscale chromatin linearization and mapping, 
to study the epigenetic structure of chromatin at the single-cell level.  Such approaches 
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are particularly valuable in studying stem cells and other rare cell populations, and may 
provide significant advantages over conventional chromatin immunoprecipitation (ChIP) 
assays that require many cells and evaluates one histone modification at a time 
(Matsuoka et al., 2013). 
 
3.5 CONCLUSIONS 
The use of hard PDMS (h-PDMS) as a brittle layer in multilayered structures for 
crack fabrication provides distinct advantages over more conventionally used oxidized 
PDMS or metal systems.  While the use of cracking in multilayered materials under 
tension has previously been proposed as a novel nano-fabrication paradigm, significant 
challenges exist in defining micro-scale dimensions of cracks in bilayer material systems.  
h-PDMS can be processed into a layer of defined thickness at the micron length scale by 
spin-coating, and produces an array of stable flat-bottomed cracks under tension when 
supported on an underlying tough PDMS substrate.  The toughness mismatch between h-
PDMS and PDMS is large enough to generate stable crack arrays at relatively low strains, 
yet the modulus mismatch is small enough to strongly localize the cracks to the h-PDMS 
layer.  Hence, the crack depth can be controlled based on the thickness of the h-PDMS 
layer.  Microfabricated crack-initiating structures can be introduced into the material, 
enabling the precise positioning of cracks in this system.  The crack width can also be 
tuned by varying the applied strain.  In this way, precisely defined crack dimensions can 
be prescribed and realized. We have successfully demonstrated the use of this technology 
to create adjustable, completely-reversible and normally-closed microfluidic channels; a 
particularly challenging structure to fabricate using conventional approaches.  We then 
demonstrated a simple biological application of the system by using the micro-scale 
adjustable channels to mechanically lyse single cells, and release and manipulate 
chromatin.  This application requires micron-scale channels capable of accepting single 
cells, and the ability to completely close the channels to ensure mechanical lysis; features 
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that cannot be robustly achieved using existing material bilayer systems.  The 
technologies presented in this work are simple, scalable, inexpensive and require 
relatively little microfabrication experience, enhancing the potential for microfabricated 
systems to be used by non-specialists in the microfluidics and precision-fabrication fields. 
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FIGURES 
 
Figure 3.1 Experimental schematic.   
 (A) The fabrication process.  A thin h-PDMS layer is spin coated onto a silanized glass 
slide and partially cured.  PDMS is then cast on top of the film and fully cured.  The 
bilayer is peeled away from the glass slide, and stretched to generate an array of cracks.  
(B) The dimensioning nomenclature.  The thickness of the h-PDMS layer and bulk 
PDMS are denoted by h and H respectively, and the crack spacing s is measured from 
center to center of the troughs. (C) A representative bright-field image of crack formation 
in the substrate under an applied strain.  Scale bar = 50 µm. 
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Figure 3.2 Characterization of spin coating parameters on h-PDMS thickness (h).   
Spin speeds were varied from 2000 to 4000 RPM for between 30 seconds and 10 minutes.  
This domain of parameters produces films that range from < 1 µm to 27 µm in thickness. 
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Figure 3.3 The thickness of spin-coated hPDMS films 
can be manipulated by diluting the h-PDMS in hexane.  The decreased viscosity of the 
prepolymer enables thinner films.  These thinner films are not significantly different over 
long spin times owing to increased solvent evaporation during the spin-coating process.  
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Figure 3.4 Biocompatibility of h-PDMS surface. 
To demonstrate biocompatibility of the surface, NIH 3T3 cells were plated onto the h-
PDMS surface in fully supplemented Dulbecco’s Modified Eagle Medium (DMEM, 
supplemented with 10% fetal bovine serum, 1% antibiotics-antimycotics).  Fibronectin 
(FN) extracellular matrix protein was used as an adhesive layer by incubating with 10 
µg/mL FN (Sigma) for 30 minutes, prior to cell seeding.  After one day in culture, the 
cells were fixed, and fluorescently stained for actin cytoskeletal structure (phalloidin-488; 
FITC) and cell nuclei (Hoechst 33258; DAPI).  NIH 3T3 cells adopt a standard 
morphology when cultured on fibronectin-coated h-PDMS surfaces (green = actin fibers; 
blue = cell nuclei).  Scale bar: 200 µm.  
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Figure 3.5 Fracture-fabricated microstructures extend into the centimeter-length scale 
regime.   
The maximum length of a crack is limited only by the ability to maintain a constant 
loading profile over a large area (scale bar = 1mm). 
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Figure 3.6 Characterization of spacing between cracks generated in the h-PDMS/PDMS 
material system. 
(A) As expected based on theoretical fracture mechanics, the critical strain required to 
generate cracks is inversely proportional to the thickness of the h-PDMS layer; and the 
spacing between cracks is proportional to the thickness of the h-PDMS layer and exhibits 
large variations in spacing within each condition.  (B) Non-dimensionalizing the crack 
spacing data collapses the results to a single curve, indicating that the cracks are strongly 
localized to the h-PDMS layer. 
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Figure 3.7 Characterization of crack depths in the h-PDMS / PDMS material system for 
various thicknesses of the brittle h-PDMS layer.   
(A) The characteristic depths of the cracks remain stable and well-controlled over a broad 
range of applied strains; they closely match the thickness of the spin-coated h-PDMS 
layer.  Small increases in crack depth with increasing applied strain suggests that some 
limited propagation of the crack into the underlying PDMS layer does occur. (B, C) 
Finite-element simulations demonstrate that a hyperelastic model of the PDMS/h-PDMS 
system under applied tension matches crack profiles measured by laser scanning 
profilometry.  The x- and y- axes of the graph indicate the lateral distance from the crack 
tip, and the vertical profile of the crack respectively, both normalized to the thickness of 
the h-PDMS layer.  A limited degree of penetration of the crack into the PDMS layer is 
expected, and was iteratively determined to match experimental data.  The ratio between 
penetration depth and crack thickness (a/h) was found to be (B) 1.10 for an applied strain 
72 
 
 
of 25%, and (C) 1.14 for an applied strain of 35%.  The hyperelastic material model 
predicts dramatic deformation in the PDMS at the crack tip to generate the relatively flat 
bottom of the crack profile. The noise in the experimental data was generated by the 
interaction between the laser-scanning profilometer and the crack side walls of the crack; 
it was ignored for fitting purposes.  
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Figure 3.8 Reversible crack profile. 
Cracks formed in h-PDMS/PDMS substrates reversibly close when the applied tension is 
removed.  Optical images and high-resolution laser-based surface profilometry of single 
cracks are unable to detect surface features after a crack is formed and closed, indicating 
that cracks are completely reversible, and that no delamination occurs between the layers. 
Scale bar = 50 µm. 
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Figure 3.9 Crack position on the device surfaces can be predictively controlled by 
incorporating V-notch microstructures into the h-PDMS/PDMS substrates.   
Cracks are initiated at these points because the notches shield any intrinsic flaws lying 
between them. (A) V-notches are fabricated at distinct spacings and an applied strain 
generates cracks at those locations (scale bar = 200 µm).  (B)  For V-notches spaced 700 
µm apart, cracks can be formed at the notch sites.  Applied widening strains up to 25% 
then provide a stable, normalized spacing without generating additional cracks, enabling 
the formation of adjustable crack structures at specified locations on the substrate.  (C)  
The cracks at these precisely defined locations have well-controlled widths that depend 
on the applied strain (linear fit R
2
 value > 0.97 for all data sets).  Hence, the position and 
width of the reversible cracks can be prescribed accurately.   
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Figure 3.10 Adjustable and reversible microfluidic structures.   
 (A) A schematic cross-section demonstrating the spontaneous formation of a 
microfluidic crack structure within an h-PDMS layer embedded in a PDMS substrate.  (B) 
Fluorescent dye is flowed through the microfluidic structures to demonstrate fluidic 
connections and the ability to adjust the size of fracture-based channels. Scale bar: 50 µm.  
(C) Representative confocal image of the cross-sectional area of a fracture-fabricated 
microfluidic channel at 20% strain, filled with fluorescent dye.  Scale bar: 5 µm.  (D) 
Optical micrograph showing that multiple cracks can be simultaneously generated and 
reversibly closed to expel liquid from the microfluidic channels. Scale bar: 100 µm.  (E) 
Integrated signal from the red dye is measured over two repeated open-and-close strain 
cycles, demonstrating that no measurable level of liquid remains within the channel after 
closure.  This finding further establishes that no delamination occurs between the 
material layers.  (F) Diamond-shaped microfabricated cavities in the h-PDMS layer may 
be used to simultaneously direct crack formation and provide addressable fluid 
compartments for a variety of applications requiring valved reaction chambers.     
  
77 
 
 
 
Figure 3.11 Application of adjustable reversible microstructures to lyse single cells and 
manipulate released chromatin.   
A single HeLa cell with a GFP-labeled H2B histone is trapped in enlarged crack-
fabricated microchannels and lysed by compression applied via tension release.  Once 
lysed, the channel is opened and closed, forcing the GFP-labeled chromatin to linearize 
due to elongational shear forces imposed by the fluid, thereby confirming cell lysis.   
Scale bar = 25 µm.  
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TABLES  
 
 
Table 3.1 Mechanical characterization of materials 
 PDMS h-
PDMS 
Young's 
modulus 
3.7 ± 0.3 
MPa  
9.2 ± 0.6 
MPa 
Mode I 
toughness 
460 ± 50 
J/m
2  
* 
12.9 ± 
2.7 J/m
2
 
 
* data previously published in Mills et al., J. Mater Res. 2008  
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            Chapter 4
 
 
Overcoming dilute concentrations and steric hindrance to efficiently 
capture rare DNA strands in nanochannels 
 
4.1 INTRODUCTION  
Nanochannels have demonstrated their utility for linearizing single strands of 
DNA for high resolution imaging (Aguilar and Craighead, 2013; Diana E. Streng 2009; 
Matsuoka et al., 2012; Matsuoka et al., 2013).  While a technology inherently suited for 
the analysis of single molecules; the introduction of DNA into a nanochannel has 
traditionally been most efficient when the initial sample concentration is high or external 
force is applied (Cabodi et al., 2002; Han and Craighead, 2000; Reisner et al., 2012).  
This is owed to two fundamental challenges associated with the capture of DNA inside 
nanochannels from dilute solutions.  The first is the entropic cost of concentrating DNA 
molecules within a small volume, while the second is the entropic cost associated with 
uncoiling DNA (Cabodi et al., 2002; Mannion et al., 2006).  Here we report a device that 
overcomes both of these challenges by serially using nanochannel-based electrokinetic 
concentration to position single DNA molecules within a microchannel, and controlled 
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channel narrowing to induce uncoiling.  This novel device utilizes fracture fabrication to 
create a hybrid micro-nanochannel structure with adjustable cross-sectional dimensions.  
Careful layering of different toughness and modulus poly(dimethylsiloxane) (PDMS) 
together with judicious positioning of stress-focusing structures allow differentially sized 
channels to be created by simply stretching the substrate in perpendicular directions (Kim 
et al., 2013). The fracture-based nanochannels induce an exclusion-enrichment effect 
(EEE) to concentrate DNA within the open microchannel region of the device.  By 
subsequently narrowing this microchannel down to nanometer scale cross-sectional 
dimensions, the DNA strand is linearized and trapped. The methods and techniques 
described contribute to both the field of fracture-based fabrication a well as the field of 
nanochannel-based single molecule DNA analysis. 
 
4.2 MATERIALS AND METHODS  
Hybrid micro/nanocrack channel fabrication 
A four-layer assembly comprised of directly apposed layers of PDMS, silica-like 
h-PDMS (SL-h-PDMS), hPDMS, and PDMS was designed to generate an array of cracks 
at pre-determined sites when subjected to applied strains (ε) exceeding the critical strain 
for each material layer, and was utilized to fabricate ‘normally-closed’ channels at the 
micron or nano-scale.  Prior to crack induction, feature layers patterned with two pairs of 
symmetrical micro-features positioned orthogonal to one another (one pair having, sharp 
inward-pointing tips, and the other having blunt ends) were fabricated using conventional 
photolithographic techniques (Xia and Whitesides, 1998). 
Briefly, micro-features were cast using a master-mold comprised of SU-8 
(Microchem) patterned upon a polished silicon wafer. An h-PDMS elastomer mixture 
was prepared as previously-described (Kim et al., 2014), and cast directly upon the mold 
by spin-coating.  This layer was then incubated at 120°C for 120 s; after which, a 10:1 
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mixture of PDMS monomer and a Sylgard 184 cross-linker (Dow Corning) respectively, 
were deposited above the h-PDMS layer to a target thickness of 5 mm, and cured 
overnight at 60°C. The cured h-PDMS/PDMS bilayer was then carefully peeled off the 
SU-8 mold, and loaded into a stretcher (S.T. Japan USA LLC, FL, USA). When uniaxial 
strain (ε ~ 15%) was applied in a direction aligned with the mirrored V-notch tips, a 
single crack was initiated at each tip, and propagated uni-directionally until a complete 
crack was formed between these tips. The applied strain was then removed, and the h-
PDMS layer was covered with tape (3M, Inc) such that only the region between the blunt 
features remained uncovered.  This allowed for the selective treatment of this region by 
plasma oxidation (200W, 600s), providing it a texture resembling silica. Uniaxial strain (ε 
~ 6%), applied in a direction aligned with these features (and perpendicular to the 
previously-formed crack) was then used to induce the formation of multiple nanocracks 
between the blunt micro-features. The resulting SL-h-PDMS/h-PDMS/PDMS tri-layer 
was then bonded to a PDMS membrane (target thickness: 200 μm) to create channels 
from the preformed single microcrack/multiple nanocrack pattern, and reservoirs from 
the sharp and blunt pre-cast micro-features.   
 
Electrokinetic DNA stacking at adjustable microchannel/nanochannels interface 
All reservoirs and channels were then perfused with 0.1x TBE buffer, and a λ 
DNA solution (100 pg/μl, New England Biolabs, Inc), stained with YOYO-1 
intercalating dye at a ratio of 20 base pairs/1 dye molecule via one of the sharp-tip 
reservoirs. A cathode was then positioned within the same sharp-tip reservoir, 
accompanied by an anode positioned within one of the blunt tip reservoirs. The 
coincident application of horizontal uniaxial strain and an electric field (80V) was used to 
induce DNA pre-concentration at the juncture between the open microchannel and 
nanochannels. Electrokinetic DNA stacking was recorded with a 20x objective installed 
in a Nikon Ti-U microscope.  
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Single DNA capturing and elongation in hybrid micro-nanochannel structure  
A low concentration DNA solution (1 pg/μl) was loaded into the four-layer 
assembly, and an electric field (40V) was applied while the adjustable channel was in its 
open state under an applied horizontal uniaxial strain.  The application of the electric 
field caused the DNA molecule within the sample to migrate through the open 
microchannel toward the intersecting nanochannels.  The inability for the DNA to enter 
the nanochannels, however, resulted in it becoming stranded at the juncture between 
these channels and the larger microchannel. The DNA molecule was then linearized by 
the controlled narrowing of the microchannel through the gradual release of the applied 
strain. 
 
4.3 RESULTS AND DISCUSSION 
 
Schematic of size-controllable channel structures for concentration, trapping, 
and elongation of DNA   
The fabrication of this device was achieved in two stages.  The first stage, during 
which the stress-focusing features (the sharp tip/blunt tip features) were fabricated, was 
achieved through casting upon a patterned SU-8 mold.  The second stage, during which 
the microchannel and nanochannels were fabricated, was achieved through the 
application of controlled uniaxial strain in directions perpendicular to the axes delineated 
by the reservoir features (Figure 1a).  The application of uniaxial strain in the direction 
perpendicular to the axis delineated by the sharp-tip features allowed for the opening of a 
microchannel oriented along the sharp-tip axis (Figure 1b).  The subsequent application 
of an electric field between the microchannel and the perpendicularly-oriented 
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nanochannels allowed for the electrokinetic stacking of DNA molecules at the junctions 
between the nanochannels and the open microchannel (Figure 1c).  The release of the 
applied strain, ultimately, then generates hydrodynamic forces within the channel 
network that function to elongate and linearize the DNA as the microchannel returns to 
its closed state (Figure 1d). 
 
Development of adjustable microchannel/nanochannel hybrid system 
The analytical system presented herein exploits the differential material properties 
of h-PDMS and SL-h-PDMS to generate intersecting cracks of differing scale.  
Previously, our group developed size controllable micro or nanochannel structures in 
multilayered materials based on fracture under an applied tensile strain (Huh et al., 2007; 
Kim et al., 2013; Kim et al., 2014; Matsuoka et al., 2012; Mills et al., 2010; Thouless et 
al., 2011). In particular, cracks produced in the elastomer PDMS and its variant h-PDMS 
have been successfully utilized to produce channel structures by subsequent sealing (Kim 
et al., 2014). An array of cracks produced on a brittle SL-PDMS thin layer on a PDMS 
slab was used to fabricate nanoscale channels (Huh et al., 2007; Matsuoka et al., 2012; 
Mills et al., 2010). Similarly, cracks in h-PDMS deposited on a PDMS slab were 
precisely patterned with stress focusing micro-features, allowing adjustable channels at 
the micron scale (Kim et al., 2014). Thus, in designing the multi-scale hybrid system, we 
hypothesized that intense plasma treatment could produce brittle, silica-like nanolayer in 
the h-PDMS as well, and that cracks of differing scale and orientation could be formed 
through the sequential application of uniaxial strain at specific magnitudes and directions 
relative to pre-patterned stress-focusing features (Huang et al., 2014; Kim et al., 2013; 
Kim et al., 2014). Practically, we sought to create a system wherein multiple 
nanochannels were patterned perpendicular to a single ‘normally-closed’ microchannel 
such that communication between these channels occurred only at their points of 
intersection using the sharp tips and a tape mask for crack localization (Figure 2 and see 
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Materials and method section). The resulting device included the nanochannels 
developed in the SL-h-PDMS layer remaining slightly open, even in the absence of an 
applied strain, due to a residual stress resulting from the plasma oxidation (Douville et al., 
2011; Thouless et al., 2011), and the dynamically controllable single channel in the h-
PDMS.    
 
DNA stacking by ion concentration polarization (ICP) 
In the hybrid channel structures, we demonstrated efficient pre-concentration of 
negatively charged DNA molecules exploiting exclusion-enrichment effect (EEE) 
induced by ion concentration polarization (ICP), previously applied for the selective pre-
concentration of charged biomolecules (Kim et al., 2010a; Kim et al., 2010b; Wu et al., 
2012). When the charged surface of a channel is exposed to an ionic solution, a thin layer 
of counter-ions forms at their interface to neutralize the existing surface-charge, a 
structure referred to as an electrical double layer (EDL). At the nanometer scale, the 
narrow confines of a nano-channel produce overlapping EDLs capable of defining the 
directionality of ion transfer through the channel under an applied external electric 
potential (Chantiwas et al., 2011; Kim et al., 2010b; Sparreboom et al., 2009).  
Increased negative surface charge on the h-PDMS layer by an intense plasma 
treatment as well as the nanochannel structures provided a relevant condition to generate 
ICP. While the adjustable channel was open (by 10% strain), a strong electric field (80V) 
was applied to lead DNA molecules in the top sharp tip reservoir connected with the 
cathode to the nanochannel region, and to restrict it at the entrance of the nanochannels 
due to electric repulsion (Figure 3a). Time lapse images in Figure 3b demonstrated 
accumulated DNA molecules at the channel interface. This is characterized by the 
measured intensity of the stained DNA. After one minute of applied voltage, the intensity 
of fluorescently-stained DNA dramatically increased in the device with nanochannels to 
the extent that the fluorescence-intensity readings saturate the camera.  
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Single DNA capturing and linearization in the adjustable channel 
Next, we tested the system for efficient capture and elongation of DNA from a 
dilute solution.  The adjustable microchannel could be opened to approximately 70 µm
2
 
at 10% strain and closed down to 1220 nm
2
 by release of the strain (Figure 5A). This 
cross-sectional size-adjustability of the channel can avoid the entropic cost of uncoiling 
DNA for introduction into conventional nanochannels, by widening for DNA 
introduction and narrowing later to linearize DNA by nanoconfinement.  We introduced a 
very low concentration DNA solution (1 pg/μl) into one reservoir. The adjustable 
microchannel extending from this reservoir was then opened through the application of 
uniaxial strain applied in a direction perpendicular to the channel to widen it.  A mild 
electric field (approximately 40V) was then applied to localize a single DNA molecule at 
the junction between the microchannel and nanochannels.  The applied field was then 
removed, and the applied strain was gradually decreased, trapping and stretching the 
single DNA molecule (Figure 5B). Calculated DNA concentration in the closed state was 
approximately 145 ng/µl, which is nearly 145,000 times higher relative to the 
concentration of the initial stock solution. This result indicates that the entropic barrier to 
load a DNA molecule in such dilute solution into the nanochannel was efficiently 
overcome by narrowing channel profiles – as opposed to via the use of a highly 
concentrated DNA stock, or the application of external forces.  In addition, the narrowing 
of the channel created hydrodynamic squeezing flow as well as nano-confinement to 
efficiently un-coil DNA. The calculated degree of linearization of the trapped DNA (n = 
39) in the closed channel was 52 ± 20% regarding the contour length of λ-DNA and the 
intercalating dye effect (resulting full length of λ-DNA is approximately 17.5 µ) (Figure 
5C). This DNA extension results can successfully reveal that the entropic challenge to 
un-coil DNA is also overcome regardless of less extension (< 3 µl) resulting from DNA 
adsorption to the channel wall or partial channel collapses before the complete fluid flush. 
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4.4 CONCLUSIONS 
 
We have developed a fluidic platform capable of overcoming inherent entropic 
barriers to efficiently pre-concentrate and linearize single DNA molecules isolated from a 
sample with low initial concentration.  These barriers, the entropic costs of concentrating 
and uncoiling DNA, are overcome through exploitation of the exclusion-enrichment 
effect and ion concentration polarization, to produce electrokinetic pre-concentration; and 
the use of hydrodynamic shear, generated by the controlled release of an applied strain, to 
produce DNA uncoiling within size-adjustable microchannel.  Furthermore, the platform 
itself is manufactured using a fracture-based fabrication technique that enables the 
reliable fabrication of nanochannel features using standard micropatterning equipment 
and techniques. 
In practice, this platform may be utilized for the capture of DNA, and for the 
analysis of genetic and epigenetic information at the single molecule level.  Such 
analyses may include the characterization of genetic and epigenetic variation within 
clonal, or polyclonal, cell populations.  Whereas genetic information derived from the 
study of bulk cell populations inevitably masks the underlying heterogeneity that may 
distinguish a healthy and diseased cell; the ability to extract information from low 
concentrations of DNA may represent an opportunity to pursue a more consummate 
understanding of single-cell genetic heterogeneity, and the mechanisms which may 
underlie it.  
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FIGURES 
 
 
Figure 4.1 Schematics of DNA concentration and squeezing system 
 (A) a single adjustable microchannel and multiple perpendicularly oriented 
nanochannels. Each fracture-formed structure originates, and terminates, within a 
reservoir where nanochannels effectively connect the blunt-tip reservoirs while the 
microchannel connects the sharp-tip reservoirs.  In its operation, (B) the adjustable 
microchannel is transitioned from a closed to an open-state through the application of a 
uniaxial strain along an axis perpendicular to the microchannel itself.  When in its open 
state, (C) DNA introduced via one of the sharp-tip reservoirs will migrate and become 
localized at the juncture between the microchannel and its intersecting nanochannels 
through ion concentration polarization. (D) The subsequent release of the previously-
applied uniaxial strain will then allow the channel to return to its closed-state, and in 
doing so, generate hydrodynamic shear within the channel sufficient to linearize the 
trapped DNA molecule.  
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Figure 4.2 Fabrication process of the adjustable channel system for DNA manipulation. 
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Figure 4.3 Electrokinetic stacking of DNA in hybrid adjustable channel/nanochannel 
interface. 
 (A) schematics of ion polarization and stacking generated in the micro/nano junction 
under the electric field. (B) DNA stacking at the entrance of the nanochannel region. 
Scale bar is 100 µm. (C) measured intensity of DNA at the nanochannel region.  
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Figure 4.4 Application of the adjustable channel system for single DNA capturing and 
elongation. 
(A) Cross-sectional dimension changes of the adjustable microchannel in response to the 
applied strain. (B) A diagram depicting the multi-step process of DNA concentration, 
trapping, and linearization in the adjustable crack channel. Gray color represents the 
nanochannel region. Scale bar is 100 µm. (C) A plot of the frequency distribution of the 
lengths of elongated λ-DNA in the closed channel.  
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            Chapter 5
 
 
Exploration of material combinations and geometries for efficient 
electrokinetic stacking of bio-molecule in fracture-based nanofluidics  
 
5.1 INTRODUCTION  
Fluidic platforms at the micro/nano-scale have enabled the efficient manipulation 
of biological fluids, even when present in small volumes and at low concentrations 
(Matsuoka et al., 2013; Whitesides, 2006).  One of powerful applications using such 
micro/nano-fluidic device is pre-concentration of biomolecules by ion concentration 
polarization (ICP) that occur in nanofeatures, to increase sensitivity for accurate and 
precise bioassays (Plecis et al., 2008; Plecis et al., 2005). When the charged surface of a 
channel is exposed to an ionic solution, a thin layer of counter-ions forms at their 
interface to neutralize the existing surface-charge, a structure referred to as an electrical 
double layer (EDL) (Chantiwas et al., 2011; Kim et al., 2010). Within the narrow 
confines of a nano-channel overlapping EDLs define the directionality of ion transfer 
through the channel under an applied external electric potential. Such phenomenon has 
been applied for selective pre-concentration of charged biomolecule pre-concentration 
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using various charged porous, or channel material systems at the nanoscale (Cheow and 
Han, 2011; Chou et al., 2002; Chun et al., 2010; Dhopeshwarkar et al., 2005; Jeon et al., 
2013; Kirby and Hasselbrink, 2004; Plecis et al., 2008; Wang et al., 2005; Zhang et al., 
2013). 
One barrier inherent in nanofabrication is the requirement for sophisticated 
equipment and skills, or complex processing steps including careful alignment and 
bonding with additional materials. As an efficient, robust, and reliable approach, our 
group has developed a fracture-based nanofabrication technique using the elastomer 
polydimethylsiloxane (PDMS), and its variant hard-PDMS (h-PDMS), assembled to form 
multi-layered systems (Kim et al., 2014).  Once assembled, nano-‘cracks’ may then be 
generated within these layers through the controlled application of a tensile strain 
exceeding the critical strain.  The resulting channels are functioned as a ‘normally closed’ 
channel, capable of undergoing tuneable modulation of channel geometry through 
varying the magnitude of applied strain (Kim et al., 2014; Matsuoka et al., 2012; Mills et 
al., 2010). In their ‘closed’ state, achieved through the release of the applied strain, these 
channels render adequate nanoconfinement for single molecular capturing and 
linearization (Huh et al., 2007; Matsuoka et al., 2012).  Here, we evaluate fracture based 
nanochannel systems prepared with different material layers, and differing geometries, 
for their ability to utilize ICP to efficiently pre-concentrate DNA.  Nanochannel 
structures were formed within a four-layer assembly comprised of PDMS, silica-like 
hard-PDMS (SL-h-PDMS), h-PDMS, and PDMS by an applied tensile strain. 
5.2 MATERIALS AND METHODS  
Nanochannel fabrication 
Multilayered material systems were designed to generate an array of cracks under 
applied strains (ε) exceeding the critical strain, and were utilized to fabricate ‘normally-
closed’ nanochannels. Three material-layering combination; PDMS/Silica like PDMS 
99 
 
 
(SL-PDMS)/PDMS, PDMS/h-PDMS/PDMS, and PDMS/SL-h-PDMS/hPDMS/PDMS 
(two cases), were characterized for their ability to induce EEE.  
Devices with two parallel microgrooves and V-shaped stress concentrator notches 
at their midpoints were fabricated via standard photolithographic techniques (Xia and 
Whitesides, 1998). Briefly, channels were cast using a master-mold comprised of SU-8 
(Microchem) patterned upon a polished silicon wafer. The master mold was utilized to 
transfer the micropatterns to each material pairings in common.   
1) PDMS/SL-PDMS/PDMS device: Standard PDMS elastomer was prepared by 
combining a monomer solution and a Sylgard 184 cross-linker (Dow Corning) in a 10:1 
ratio. This mixture was then degassed and cast directly upon the master-mold at a 
thickness of 5 mm, and cured overnight at 60°C. Cured PDMS layers were then carefully 
removed from the master mold, and covered using tape (3M, Inc), such that only a 
limited area of the PDMS surface within the vicinity of the V-notch region was left 
uncovered.  The multilayer assembly was then treated by intense plasma oxidation 
(200W, 600s), forming an oxidized silica-like (SL) layer restricted to only the exposed 
region. Following oxidation, the tape was removed, and the resulting SL-PDMS/PDMS 
system was loaded into a stretcher (S.T. Japan USA LLC, FL, USA), and subjected to 
uniaxial strain (ε ~ 6%), producing an array of nano-cracks within the brittle oxidized 
region. The nano-cracks were sealed with a PDMS membrane by plasma bonding, 
forming nanochannels within the sandwiched structures. 
2) PDMS/h-PDMS/PDMS: An h-PDMS elastomer mixture was prepared and cast 
directly upon the mold by spin-coating, followed by incubation at 120°C for 120 s. A 
mixture of 1:10 PDMS was then deposited above the h-PDMS layer to a target thickness 
of 5 mm, and cured overnight at 60°C.  The resulting h-PDMS/PDMS bilayer was then 
removed from the mold, and subjected to uniaxial strain (ε ~ 15%), to induce a crack at 
the V-notch region. The crack in the h-PDMS layer was sealed with a PDMS membrane 
to form the single nanochannel at 0% strain.  
3-1) PDMS/SL-h-PDMS/h-PDMS/PDMS (the first case; a crack generation only 
in the h-PDMS layer): A single crack in the h-PDMS was fabricated following the 
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protocol used for the h-PDMS/PDMS system described above. Subsequently, the h-
PDMS/PDMS bilayer was exposed to the intense plasma treatment (200W, 600s) to form 
an SL-h-PDMS layer. The resulting tri-layer SL-h-PDMS/h-PDMS/PDMS system had 
only the single crack within the h-PDMS layer. Consequent plasma bonding with a 
PDMS membrane produced the single nanochannel.      
3-2) PDMS/SL-h-PDMS/h-PDMS/PDMS (the second case; a single crack within 
the h-PDMS layer and multiple cracks within the brittle, SL-h-PDMS layer): This system, 
fabricated in a manner similar to the SL-PDMS/PDMS system, differs in that the layer 
taped and selectively exposed to plasma oxidation was the h-PDMS layer. The resulting 
tri-layer SL-h-PDMS/h-PDMS/PDMS system was subjected to uniaxial strain (ε ~ 15%), 
producing an array of nano-cracks within the SL-h-PDMS layer, and a single crack 
within the h-PDMS layer. Thus, multiple nanochannels were fabricated within the 
material layers sealing with a PDMS membrane. 
 
Estimation of cross-sectional area of each crack-based channels 
The total cross-sectional area of each fracture-based channel array was estimated 
using electrical impedance measurements. Channels were then filled with a 0.1M KCl 
solution, and Ag/AgCl electrodes were positioned in each reservoir microchannel.  
Impedance values were recorded when the phase angle was close to 0. The resistance of 
each system was measured at 0%. 
  
Estimation of charge density depending on geometries 
The charge densities depending on each geometry (flat, shallow, and deep notches) 
were calculated using commercially available multiphysics software, Comsol (COMSOL, 
Inc). The resulting charge densities across the designed geometries were normalized 
using the highest charge density value, and then visualized on the geometries. 
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DNA pre-concentration at micro/nanochannel interface 
The nanochannels formed between the two micro-reservoirs in each system were 
perfused with a 0.1x TBE ionic buffer solution while in their open state, and slowly 
closed. λ DNA (New England Biolabs, Inc) stained with YOYO-1 intercalating dye at a 
ratio of 20 base pairs/1 dye molecule was loaded into one of the reservoirs; and this 
reservoir was then directly connected to the cathode, while the remaining microchannel 
was connected to anode.  Four different electric fields (20V, 40V, 60V, and 80V) were 
then applied to induce DNA preconcentration. DNA stacking was observed at the 
micro/nanochannel juncture under all applied fields using a 20x objective installed in a 
Nikon Ti-U microscope.  Final DNA concentrations were quantified based upon a direct 
comparison between their measured intensity, and the intensity of reference DNA 
concentrations (100 ng/µl and 10 ng/µl). 
 
5.3 RESULTS AND DISCUSSION 
Characterization of nanochannels formed in SL-h-PDMS layer. 
Prior to performing DNA pre-concentration, we experimentally assessed and 
validated our method for the predictable formation and patterning of nano-cracks on an 
SL-h-PDMS layer, similar to our earlier work characterizing crack formation within a 
SL-PDMS layer (Huh et al., 2007; Mills et al., 2010; Zhu et al., 2005). The direct 
exposure of a PDMS surface to intense plasma treatment for 6 min at 200 W is sufficient 
to render this surface brittle, and activate existing surface defects to produce an array of 
nanofractures when a uniaxial strain exceeding the critical strain is applied.  This unique 
property is owed to the modulus mismatch between the plasma-treated PDMS surface, 
and the non-treated PDMS layer beneath it (Shenoy et al., 2000; Thouless et al., 2011). 
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The deposition of h-PDMS upon a PDMS substrate such that a bilayered (h-
PDMS/PDMS) system is formed, allows for the fabrication of a crack within the h-PDMS 
layer when subjected to uniaxial strain (Kim et al., 2014). By extension, exposing h-
PDMS to plasma treatment, and subjecting the resulting surface to uniaxial strain, allows 
for the fabrication of ‘nano-scale cracks’ similar to those formed within an SL-PDMS 
layer (Huh et al., 2007; Mills et al., 2010) (Figure 1a-b).  The position and orientation of 
these nano-cracks may, furthermore, be predetermined by the patterning of stress-
focusing features within the multilayered system (Huang et al., 2014; Kim et al., 2014).   
In fabricating the SL-h-PDMS/h-PDMS/PDMS system described, an SU-8 mold 
with a pair of mirrored micro-features having sharp inward-pointing tips, was used to 
serially cast layers of h-PDMS and PDMS with target thicknesses of approximately 15 
µm and 5 mm, respectively. Following curing, the two-layer system was removed from 
the mold, and prepared for plasma treatment by covering the entire h-PDMS surface with 
tape, with the exception of the region extending between the two notch features.  This 
region of the h-PDMS surface was left bare to allow to be exposed during plasma 
treatment. Following plasma oxidation, the application of 6% uniaxial strain, induced the 
formation of multiple nano-cracks within the SL-h-PDMS layer (Figure 1c); and upon the 
subsequent application of 15% strain, induced the formation of a single crack within the 
h-PDMS layer extending between the sharp-tip features. Differences in crack density and 
the magnitude of the critical strain required to induce cracking within each layer, are 
derived from difference in modulus mismatch between each pair of apposed material 
layers (SL-h-PDMS/h-PDMS and h-PDMS/PDMS) as well as the relative thickness of 
each layer (Kim et al., 2014). 
The cracks generated through our controlled-fracture technique were sealed to 
form ‘normally closed’ channels respectively, by plasma bonding the patterned surface to 
a thin PDMS membrane. The connectivity of these channels through the fluid reservoirs 
as well as the total cross-sectional area of the crack channels were estimated using 
electrical impedance measurement (Matsuoka et al., 2013; Mills et al., 2010). We 
prepared three groups of multi-layered systems, each characterized by the materials 
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which comprise its layers: PDMS/SL-PDMS/PDMS, PDMS/SL-h-PDMS/h-
PDMS/PDMS, and PDMS/h-PDMS/PDMS systems. 
Devices in each group were individually loaded into a stretcher, and subjected to 
uniaxial strain (< 15% strain) sufficient to induce crack-formation between the paired 
stress-focusing features. Following crack-formation, the applied strain was removed, 
devices were bonding with a thin PDMS membrane, and the resulting channels were 
filled with a 0.1M KCl solution. At 0%, nearly closed channel state, the respective 
impedance values for devices in each group (n = 3) were recorded to quantitatively 
estimate the crack channel dimensions. The impedance values of channels formed within 
h-PDMS-based systems (PDMS/h-PDMS/PDMS and PDMS/SL-h-PDMS/h-
PDMS/PDMS) were measured, then the estimated channel dimensions were calculated as 
below, where   is the total cross-sectional area of channels,   is the resistivity of 0.1 M 
KCl (0.3 Ωm), L is the length of the crack channel (50 µm),   is the resistance of the 
each micro-reservoirs, approximately 9 MΩ: 
  
  
 
    . 
By applying this equation, large differences in total cross sectional area when in a 
closed state were found across the systems examined (Table 1): approximately 26,000 
nm
2 
(in SL-PDMS/PDMS), 1,200 nm
2 
(in SL-h-PDMS/h-PDMS/PDMS), and 30 nm
2 
(in 
h-PDMS/PDMS). These results suggested that crack recovery in the h-PDMS, or SL-h-
PDMS, layers was typically superior to that in SL-PDMS due to higher modulus of the h-
PDMS that could resist the residual stress compared to the PDMS. In addition, the 
multiple nano-cracks formed in the SL-h-PDMS layer were less closed, compared to the 
single crack in the h-PDMS layer.  
 
DNA stacking by ion concentration polarization (ICP) depending on channel 
geometries 
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To characterize the practical utility of the fabricated nanochannels for our 
intended purposes, we attempted to perform an efficient DNA pre-concentration by 
exploiting the phenomenon of ion concentration polarization (ICP). The theoretical basis 
for these experiments lay in our awareness that plasma treatment of PDMS and h-PDMS 
produces negatively charged surfaces with which selective ion separation may be 
achieved through the restriction of ion transport by overlapping EDLs formed under an 
electric field.  In addition, we hypothesized that the sharp tip features initially designed 
for controlled crack formation work as DNA focusing region as well, due to larger 
electric field at the points. The dynamic equilibrium between the electrophoretic force 
and electric exclusion from the nanochannels allow for efficient stacking of negatively-
charged DNA molecules at the juncture between two micro-reservoirs and the 
perpendicularly-intersecting nanochannels (Figure 2a).  
Utilizing the concept and geometrical design, each reservoir was first filled with 
0.1x TBE buffer solution, and electrodes were positioned within each reservoirs. A 
solution containing λ DNA (final concentration: 100 pg/µl) was then added to the 
reservoir housing the cathode, and an electric field was applied across the channel 
network. Application of the electric field initiated the electrophoretic movement of ion or 
charged molecules toward counter electrodes, and consequently, drew the negatively-
charged DNA molecules toward the nanochannel region.  These molecules, however, 
were unable to enter the nanochannels due to the presence of electric repulsion produced 
by the overlapping EDLs present throughout the nanochannels. Consequently, DNA 
molecules accumulated at the micro/nanochannel interface under the applied electric field, 
and became concentrated as time passed (Figure 2b-d and See Supporting Information 
video 1).  Compared to randomly distributed DNA stacking along the horizontal interface 
in the absence of the notch (Figure 2b), distinct DNA focusing was demonstrated in the 
other two cases having notches (Figure 2c-d). This is because higher charge density at the 
notches resulting from shorter distances from the opposite micro-grooves induced DNA 
molecules more concentrated at the tips. Assuming the consistent crack channel densities 
in the defined nanochannel regions, shorter nanochannels might function as smaller 
105 
 
 
resistances under the applied electric field. Analytical analysis to calculate the charge 
density across the geometries supported the experimental results (Figure 2e-g). The 
highest value was found at the tips, whereas charge density along the interface was 
identical in the absence of the notch. Charge density at the tip of the deep notch was 
almost twelve times larger than at the flat interface and twice lager than at the tips of the 
shallow notch. The resulting charge density differences affected the performance of the 
DNA stacking. Therefore, micro-grooves with the notches had been utilized to enhance 
the performance of DNA stacking in the device system.  
 
Quantification of DNA stacking capacity 
To quantify the DNA stacking capacity of each multi-layered systems, we 
measured the DNA concentration as a product of the applied electric field, the time 
required to complete the stacking process, and the materials present within the multi-
layer assembly for five systems: PDMS (alone), PDMS/SL-PDMS/PDMS, PDMS/h-
PDMS/PDMS, PDMS/SL-h-PDMS/h-PDMS/PDMS (only a crack in the h-PDMS), and 
PDMS/SL-h-PDMS/h-PDMS/PDMS (cracks in the h-PDMS and the SL-h-PDMS) 
(Figure 3a-e). We observed the subsequent application of a strong electric field (> 80V) 
was capable of producing device failure through a reduction in the integrity of the bond 
between the PDMS membrane and the cracked surface layer.  This effect was not 
observed under the application of lower field strengths.  As efficient DNA concentration 
was not observed under applied fields < 20V, four electric fields were selected for 
empirical analysis (20V, 40V, 60V, and 80V).  DNA concentrations occurring within 
designated regions of each system were recorded for 7 min. 
Initially, we observed slight differences in background intensity that prevented 
direct measurement of DNA concentration. In addition, the measured intensities of 
reference DNA solutions were not linearly proportional to the DNA concentrations they 
represented. To compensate, the background intensity of each device was reduced 
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through prolonged exposure to strong UV light for 5 min prior to their use; and the 
measured intensity of the concentrated DNA (I) was normalized to a reference intensity 
value (I0, 10 ng/µl; 100x higher than the test DNA solution). Thus, a relative intensity of 
1 (calculated as the ratio of I and I0), corresponds to a DNA concentration 100x higher 
than the initial stock solution (Figure 3a-e). Efficient DNA concentration was initially not 
observed in the PDMS (only), PDMS/h-PDMS/PDMS, and PDMS/SL-h-PDMS/h-
PDMS/PDMS systems (only a crack in the h-PDMS layer) under an applied electric field 
due to the complete absence of fracturing observed within the PDMS (only) system 
(Figure 3a) and PDMS/h-PDMS/PDMS (Figure 3b). Discontinuities resulting from high 
crack recovery or too high resistance of a channel in the h-PDMS layer also prevent DNA 
pre-concentration under the applied electric field (Figure 3c). In the remaining systems, 
higher DNA concentration was typically detected as the strength of the applied electric 
field, or the time duration for which it was applied, was increased. Nanochannels formed 
within the PDMS/SL-PDMS/PDMS system achieved 100x DNA concentration within 7 
min under an applied field of 80V (Figure 3d). Similarly, 100x concentrated DNA was 
produced within 3 min under an applied field of 80V or within 7 min under 60V in the 
PDMS/SL-h-PDMS/h-PDMS/h-PDMS/PDMS system with multiple nano-cracks in the 
SL-h-PDMS layer (Figure 3e). The outcome of DNA stacking in the both nanochannel 
systems did not make significant difference under weak electric fields (below 40V), 
however, at least two times faster DNA concentration was achieved in the PDMS/SL-h-
PDMS/h-PDMS/h-PDMS/PDMS system. These observations suggest the multiple 
nanochannels formed in the SL-h-PDMS layer to be the superior platform for efficient 
DNA stacking. This is presumably owing to complex effects of the smaller total 
dimensions of the patterned nanochannels formed in the SL-h-layer and its surface 
chemistry. Approximately 13 times smaller total channel dimensions in the PDMS/SL-h-
PDMS/h-PDMS/h-PDMS/PDMS system described in Table 1 might render a better 
condition to produce efficient overlapped electric double layer, which is a basic 
requirement for ICP.      
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Moreover, within the latter multi-layer system, the PDMS/SL-h-PDMS/h-
PDMS/PDMS system with multicracks in the h-PDMS and the SL-h-PDMS layers, 
considerable DNA concentration at the defined location was achieved despite of a lower 
initial concentration (10 pg/µl) that is similar to DNA concentration extracted from few 
cells. More than 10,000x concentrated DNA was observed, when subjected to an applied 
field of 80V for a longer time duration (approximately 20 min) (the relative intensity of 1 
corresponds to 100 ng/µl, calculated as the ratio of I (measured intensity) and I0’ 
(10,000x concentrated DNA solution)) (Figure 4). This observation presents potential 
applications, not only for efficient DNA manipulation and handling extracted from few 
cells, but also for charged biomolecules in low concentration.  
 
5.4 CONCLUSIONS 
We have developed a fluidic platform capable of efficiently pre-concentrating 
charged molecules at the junction between a ‘source’ microchannel, and intersecting 
nanochannels through the controlled application of an electric field sufficient to produce 
overlapping EDLs within the nanochannel itself.  The presence of these overlapping 
EDLs, consequently, prevents the free movement of negatively charged biomolecules into 
the channels when in their ‘closed’ state, and the resulting dynamic equilibrium between 
the electrophoretic force drawing the charged biomolecules into the nanochannels, and 
the electric exclusion preventing their passage into the nanochannels, produces stacking 
of these molecules at the nanochannel-microchannel juncture.  In the experiments 
presented herein, we describe the application of this technique for the efficient pre-
concentration of DNA.  The practical utility of this technique, however, is not restricted 
to DNA pre-concentration, and may be applied for the pre-concentration of numerous 
charged biomolecules including proteins. 
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FIGURES 
 
Figure 5.1 Schematics of nanofracture formation in multi-layered system. 
(A) localized nano-scale cracks on multi-layered materials. The partial plasma treatment 
using a tape mask allowed brittle silica like layer formation and nano-cracks were 
produced at the region under uniaxial tensile strain above critical strain. (B) cross-
sectional view of the multi-layered system.   (C) nano-cracks on SL-h-PDMS surface at 
10% strain. Scale bar is 50 µm.  
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Figure 5.2 Electrokinetic stacking of DNA in nanochannels device. 
(A) Schematics of ion polarization and stacking generated in charged nanochannels under 
the electric field. Anions and negatively charged DNA molecules in top microgroove are 
concentrated at entrance of nanochannels, while cations freely penetrate the ion-selective 
barrier formed in nanochannels.   (B-D) Concentrated DNA at different notch geometries; 
(B) flat, (C) shallow, and (D) deep notch. (E-G) Estimated charge density at different 
notch geometries. Red color represents higher charge density.     
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Figure 5.3 Measurement of DNA concentration depending on each material pairings, 
time, and applied voltage. 
Measured DNA concentration was normalized by a reference DNA concentration, 100 
times higher concentration (A) in the PDMS, (B) in the h-PDMS/PDMS, (C) in the SL-h-
PDMS/PDMS/PDMS (a crack only in the h-PDMS layer), (D) in the SL-PDMS/PDMS, 
(E) in the SL-h-PDMS/h-PDMS/PDMS (cracks in the h-PDMS and the SL-h-PDMS). 
(A-E) Relative intensity of 1 presents 100 time higher concentration than the stock DNA 
concentration. Cracks exist at underline layers.  
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Figure 5.4 Effective DNA stacking at PDMS/SL-h-PDMS/h-PDMS/PDMS system. 
Relative intensity of 1 presents 10,000 time higher concentration than the stock DNA 
concentration.   
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TABLE 
 
Table 5.1 Estimated total channel dimensions of each material parings system at 0% 
strain.  
 
 
Supporting information, Video 1. DNA stacking in PDMS/SL-h-PDMS/h-PDMS/PDMS 
system under 80V.   
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            Chapter 6
 
 
Chromatin inheritance: transmission of histones during DNA 
replication in nanofluidics  
 
6.1 INTRODUCTION 
 
Epigenetic studies are concerned about inheritable changes that are not dependent 
on the primary sequence of DNA (Bird, 2007).  In this post-genomic era, there is an 
increased focus on mechanisms of epigenetic inheritance, which are mediated by histone 
modifications as well as DNA methylation and non-coding RNA (Bird, 2007). In 
eukaryotic cells, nuclear DNA is packaged into chromatin.  Nucleosome is the most basic 
unit of chromatin, with about 150 bp of DNA wrapped around a protein core comprised 
of two copies of each of the four histones: H2A, H2B, H3, and H4 (Kornberg, 1974).  
The assembly of chromatin directly affects the accessibility of the genetic information 
(Kouzarides, 2007). In a cell cycle, epigenetic information carried by histone 
modifications as well as genetic information carried by DNA must be duplicated and 
transmitted from the mother cell to daughter cells. Indeed, these two processes must be 
116 
 
 
coordinated, as nucleosomes disassemble then re-assemble during DNA replication.  A 
critical question is how the old and new histones are distributed to the two daughter 
DNAs.  There has long been a standing controversy concerning the conservative or 
dispersive segregation of nucleosomes: the former argues that old histones reassemble 
preferentially on one arm of DNA replication forks (often posited as derived from the 
leading-strand synthesis) and new histones on the other, while the latter argues for 
random reassembly (Annunziato, 2012). A series of results in 1980s has shifted the 
general opinion in favour of the dispersive segregation model: 1) old histones are 
reassembled on both arms of replicating simian virus 40 (SV40) chromatin in the absence 
of new histone synthesis (Cusick et al., 1984); 2) density labelling reveals no preference 
for tandemly arranged nucleosomes with new histones (Jackson, 1988). However, recent 
progress has revealed complexities in chromatin dynamics (Zentner and Henikoff, 2013), 
delineated the histone chaperone pathways (MacAlpine and Almouzni, 2013), and 
emphasized important roles played by histone PTMs in DNA replication (Alabert and 
Groth, 2012). There is growing consensus that 1) histone supply and nucleosome 
assembly are tightly coupled with DNA replication, 2) DNA replication machinery 
(replisome) are actively involved in disassembly of old nucleosomes and reassembly of 
new ones, and 3) nucleosome dynamics are affected by multiple processes, most 
prominently replication-coupled (RC) and replication-independent (RI) deposition of 
histones. All this recently acquired insight sheds new light on and allows for alternative 
interpretations of previous experimental analyses of histone segregation, in which these 
complications are not effectively addressed, or are even intrinsic to the methodologies or 
systems employed. Framed in the general background of epigenetics and facilitated by 
technical innovations unforeseeable 30 years ago, there is renewed interest and urgency 
to revisit these critical issues. This dissertation will clarify mechanisms underlying 
transmission of histones and epigenetic inheritance. 
To study chromatin inheritance under physiological conditions and provide the 
most biologically-relevant mechanistic insights, we investigate histone transmission 
during ribosomal DNA replication in a ciliate protozoan, Tetrahymena, taking advantage 
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of nanofluidic chromatin linearization and super resolution optical microscopy.  We 
utilize a fracture-based size-controllable nanochannel device developed previously to 
visualize histone modification markers on linearized chromatin using a hydrodynamic 
squeezing flow with nanoconfinement (Kim et al., 2014; Matsuoka et al., 2012). To 
enable accurate analysis of the chromatin structure I newly combine this technique with 
the super resolution optical microscopy method of stimulated emission depletion (STED) 
that can resolve structures within resolutions of tens of nanometers (Rittweger et al., 
2009).   
The rDNA mini chromosome in Tetrahymena was selected as our biological 
model system to study replication related histone transmission for several reasons. 
Replication-coupled deposition of canonical H3 and replication-independent deposition 
of H3.3 expressed in Tetrahymena has been well characterized and its genetic 
manipulation is robust and facile (Cui et al., 2006). In addition, rDNA is a short 
palindromic structure of approximately 21kb, containing two replication origins located 
in each side near the center, limits the direction of replication from the center to each 
telomere-decorated terminus, in contrast to the stochastic replication occurring in higher 
eukaryotes (Engberg et al., 1974; Yao et al., 1974). A large number of the rDNA mini 
chromosomes, approximately 9,000 copies, exist in each cell. These unique 
characteristics of rDNA mini chromosome make it an ideal target for nanofluidic analysis 
of epigenetic inheritance during DNA replication (Engberg et al., 1974; Yao et al., 1974).  
In this study, I additionally utilize a genetically engineered Tetrahymena with 
inducible/repressible expression of hemagglutinin (HA)-tagged histone H3 during DNA 
replication to visualize and analyze patterns of histone segregation.  With nanofluidic 
chromatin fiber linearization and super resolution localization of newly synthesized 
histone H3, I expect to address a long standing question concerning epigenetic 
inheritance. 
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6.2 METHODS 
Strains and culture conditions 
Tetrahymena strains (derived from CU428, Tetrahymena Stock Center)  were 
grown in the SPP medium (2% Protease Peptone, 0.2% Dextrose, 0.1% Yeast Extract, 
0.003% Fe-EDTA) at 30°C with gentle shaking (Sweet and Allis, 1998).  Logarithmic-
phase cells (2×10
5
/ml) were collected for subsequent experiments.  
 
Inducidble/repressible expression of hemagglutinin (HA)-tagged H3 in 
Tetrahymena  
For differential labeling of old and new histone H3, the coding sequence of the 
Cd
2+
-inducible MTT3 gene was replaced by recombinant DNA encoding a C-terminal 
HA-tagged canonical H3.  Tetrahymena transformants were generated by particle 
bombardment (Hai and Gorovsky, 1997), with paromomycin resistance conferred by a 
neo cassette (Mochizuki, 2008).  The somatic transformants were assorted to complete 
replacement, as confirmed by quantitative-PCR.  The Cd
2+-
dependent expression of H3-
HA was validated by immuno-fluorescence staining and immuno-blotting (Figure 2b,c). 
 
Chromatin extraction 
The genetically engineered Tetrahymena strain was incubated with Cd
2+
 to 
selectively express HA-tagged H3.  To allow for the investigation of histone transmission 
during DNA replication, Cd
2+
 treatment was limited to 2 hours, so that it covers only one 
round of DNA replication. The rDNA mini-chromsome resides in nucleoli, which are 
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localized at the periphery of macronuclei (Gorovsky, 1973). This allows easy separation 
of nucleoli from the rest of the macronuclei by gentle mechanism shearing (Engberg and 
Pearlman, 1972). I also optimized procedures for disentanglement and isolation of 
individual rDNA chromosomes, which involve RNase A treatment to remove rRNA, and 
high salt solubilisation of non-histone proteins (Borkhardt and Nielsen, 1981). The 
extracted rDNA chromatin was sequentially diluted in pure water to minimize ionic 
interactions, and ensure the maintenance of an unfolded conformation.  
 
DNA electrophoresis 
rDNA was isolated from chromatin extract by phenol/chloroform extraction and 
ethanol precipitation.  The purity of extracted rDNA was assessed via gel electrophoresis 
in a 1x TBE buffer solution at 100V. Length of the rDNA was compared with λDNA 
fragments markers cut by the restriction enzyme HindIII.    
 
Immuno-staining 
Immunofluorescence staining of Tetrahymena cells were conducted by first fixing 
cells in 2% paraformaldehyde in PBS and permeabilizing with 0.4% Triton X-100 (in 
PBS). Fixed cells were then incubated with Alexa 488 conjugated-anti-HA antibody 
overnight.  Cells were then stained with DAPI to allow for the visualization of the 
nucleus, and images were acquired using an inverted microscope, Nikon Ti-U (Nikon, 
inc). 
Fabrication of tunable channel device 
Controlled application of strain (ε) to an appropriately layered elastomer-brittle 
thin film composite was utilized to develop a single ‘normally-closed’, cross-sectional 
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size controllable nanochannel as described in previous work (Kim et al., 2013). More 
specifically, two parallel microgrooves with sharp tips and a pair of stress release 
microfeatures were fabricated on a wafer using conventional soft lithography techniques, 
and the resulting mold was used to transfer these patterns to multi-layered soft materials. 
An h-PDMS mixture was spin-coated on the mold to a target thickness of approximately 
5 µm and incubated at 120°C for 120 s.  PDMS was then casted above the h-PDMS, and 
cured at 60°C overnight. 
Preparation of the h-PDMS pre-polymer and cross-linker was conducted by first 
combining 3.4g of vinyl PDMS pre-polymer (VDT-731, Gelest Corp.), 18 μl of a 
platinum catalyst (platinum-divinyltetramethyldisiloxane, SIP6831.2, Gelest Corp.), and 
a drop of a modulator (2,4,6,8-tetramethyl-tetravinylcyclotetrasiloxane, 396281, Sigma-
Aldrich).  The mixture was then degassed, combined with 1g of a hydrosilane prepolymer 
(HMS-301; Gelest Corp.) and degassed for a second time.  The PDMS mixture was 
prepared by combining the PDMS pre-polymer and a Sylgard 184 cross-linker (Dow 
Corning) in a 10:1 ratio.  
The cured h-PDMS/PDMS bi-layer was then peeled from the mold and loaded 
into a stretcher (S.T. Japan USA LLC, FL, USA).  Using this device, the bi-layer 
assembly was then subjected to uniaxial strain (ε ~ 20%) to generate a single crack 
originating at the sharp tip features. The resulting fracture pattern was sealed by plasma 
bonding the assembly to a PDMS membrane to produce a ‘normally closed’ channel 
sandwiched between the bi-layer assembly and the membrane.   
 
  Chromatin elongation and super-resolution imaging 
The rDNA mini-chromatin solution was loaded in one reservoir and allowed to 
passively enter the size-controllable fracture-fabricated channel while in its open state.  
The controlled release of the strain holding this channel open allowed the channel to 
return to its closed-state, resulting in elongation of chromatin through hydrodynamic 
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shear and nanoconfinement. Histone distribution along the elongated chromatin was 
observed using a STED microscope (Leica TCS SP8 STED). The signal to noise ratio of 
images was enhanced by deconvolution using an option available in the associated image 
analysis software (Huygens Professional) (Schoonderwoert et al., 2013).  A point spread 
function (PSF) of the STED was measured with 100 nm polystyrene beads, and used for 
the deconvolution process.  
 
6.3 RESULTS AND DISCUSSION 
Histone inheritance and development of tuneable nanochannel. 
In order to address the fundamental epigenetic question of histone inheritance 
during DNA replication described above (Figure 1a), I designed a cross-sectional 
dimension-adjustable fluidic system that is large enough to readily accommodate the 
relatively bulky (compared to naked DNA) coiled chromatin, while being able to become 
small enough to effectively linearize the chromatin by changing the magnitude of the 
applied strain and narrowing the channel (Figure 1b). A fracture-induced channel 
generated within a hard-polydimethysiloxane (h-PDMS) layer sandwiched between two 
polydimethysiloxane (PDMS) layers, was used (Kim et al., 2014). The normally closed 
channel within the triple layer system was precisely produced at a pre-defined location 
via the use of stress-focusing sharp-tips and adjacent stress-releasing microfeatures (Kim 
et al., 2013). Using this channel system, rDNA mini-chromatin was loaded into the 
channel while in its open state, and then elongated by nanoconfinement and 
hydrodynamic squeezing flow generated as the channels narrowed.   
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Characterization of rDNA mini-chromosome 
In addition to fabricating a novel nanofluidic platform, we also developed a 
technique for differentiating between old and new histones by the controlled expression 
of HA tagged H3. The term, nucleosome refers to a basic unit of packaged DNA 
comprised of an octamer of histone proteins (two (H2A/H2B) dimers, and an (H3/H4)2 
tetramer) supporting a wrapped region of DNA containing approximately 150 base pairs 
(Kornberg, 1974).  As the distribution of H2A/H2B-dimers is significantly affected by 
transcription-dependent turnover, the (H3/H4)2 tetramer has served as the primary focus 
of investigations concerning histone segregation during DNA replication 
(Belotserkovskaya et al., 2003; Kireeva et al., 2002).  In Tetrahymena, the deposition of 
the canonical histone-H3 is strictly replication-coupled; whereas the deposition of the 
histone-H3.3 variant is replication-independent; and the canonical histone-H4 is subject 
to both replication-dependent and replication-independent histone deposition (Cui et al., 
2006; Yu and Gorovsky, 1997). For this reason, we chose to position our HA- tag upon 
H3 rather than on H4, to allow for the effective discrimination of replication dependent 
histone deposition. To distinguish between old and new histones during DNA replication, 
an inducible HA-tagged canonical H3 was constructed such that expression could be 
controlled through activation of the MTT3 promoter by Cd
2+
 treatment (Figure 2a).  
Indeed, expression of HA-tagged H3 was observed to be rapidly induced and repressed in 
response to the application and withdrawal of Cd
2+ 
in the culture media.  As the pool of 
‘free’ H3 in Tetrahymena is very small, and subjected to active turnover, our 
inducible/repressible system essentially served as an on/off switch controlling its 
availability (Figure 2b-c).  We next characterized the optimal dose of Cd
2+
 to both 
prevent over-expression and ensure its availability minimally perturbed the natural 
mechanisms of cell growth. We also optimized a protocol to increase the purity of the 
extracted rDNA mini chromosome by sequential treatment of ethylenediaminetetraacetic 
acid (EDTA), RNase A, and ammonium sulfate. Respectively, these reagents functioned 
to chelate metal cations, remove RNA, and solubilize non-histone proteins; ultimately 
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this treatment retained a disentangled chromosome structure for later elongation. 
Moreover, purity of the rDNA mini-chromosome was assessed via DNA electrophoresis. 
Defined length of the extracted rDNA, 21kb, was confirmed through comparison to 
control ladders (Figure 2d).   
 
Chromatin elongation in nanofluidics  
Assuming the ‘beads-on-a-string’ model, where a linear ‘string’ of DNA bridges 
the ‘bead’-like nucleosomes, the elongated rDNA mini-chromosome length is estimated 
to be approximately 2.1-2.6 µm (Luger et al., 1997). These values were then used as a 
reference to evaluate the degree of stretching achieved within our system.  The average 
length of the linearized chromosome was smaller than the estimated full length. The 
difference between the observed and expected lengths may be due to residual 
entanglement within the chromosome by inter-nucleosome interaction, or to ionic 
interactions which may stabilize folded or higher-order structures.  
To characterize the transmission of histones during DNA replication, HA-tagged 
H3 was expressed by Cd
2+
 treatment for a period of time insufficient for a cell to undergo 
a complete cell cycle.  Subsequent anti-HA antibody treatment enabled the visualization 
(using STED super-resolution microscopy) of the spatial positions of newly synthesized 
histones (Fig. 3). In contrast to the globular shaped chromosome clump within bulk 
solution (Figure 3a-b), linearized chromatin fibers were observed in the closed 
nanochannel (Figure 3c-d). Subsequently, a single chromatin fiber acquired from the 
reduced ionic strength solution was elongated in the closed nanochannel (Figure 3e). As 
the small size of the linearized chromatin fiber was beyond the resolving power of 
conventional optical microscopy, visualization was only possible via STED microscopy. 
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Demonstration of the chromatin inheritance 
From these images, we detected green fluorescence tags that were distributed in 
an ostensibly randomized manner upon a background of blue fluorescent tags; suggesting 
that newly synthesized histones are randomly deposited along the stretched chromosome 
(Figure 3e).  This observation led us to conclude that newly-synthesized histones are 
dispersively segregated during DNA replication assuming that it was a single chromatin 
fiber.  
 
6.4 CONCLUSIONS  
The use of unique nanofluidics, a biological model system, and super-resolution 
imaging combined enabled addressing of a long standing question about epigenetic 
inheritance. Single rDNA mini chromosomes were efficiently captured and linearized 
within cross-sectional size-adjustable channel, enabling the subsequent visualization of 
histone deposition within elongated chromatin isolated from the in vivo system 
Tetrahymena as compared to in vitro system based on reconstructed chromatin fiber. This 
allowed us to investigate histone transmission during replication in presence of the DNA 
replication machinery (replisome).  Our understanding, gleaned from this platform, 
supports the hypothesis that new histones are dispersively segregated upon newly 
synthesized DNA strands.  Furthermore, our observation with this platform, used in 
concert with nano-imaging, suggests that it may be utilized in the future for deeper 
studies of higher-order chromatin structure including DNA methylation, histone 
modification, histone variants, and the architectural proteins involved in the formation 
and regulation of chromatin structures.     
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FIGURES 
 
 
Figure 6.1 schematics of histone inheritance during DNA replication and nanofluidics. 
(a) Histone transmission of old and new histones during DNA replication in a half of 
rDNA structure. Replication initiates at the replication origin, and old and new histones 
are arranged along two synthesized DNA strands. (b) Cross-sectional shape-adjustable 
nanofluidic device. The channel was stretch-opened to uptake chromatin and the strain 
subsequently relaxed to close the channel and linearize the chromatin by a combination 
of hydrodynamic forces and nanoconfinement.    
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Figure 6.2 Development of a selective HA-tagged H3 expression system. 
(a) Scheme depicting newly synthesized histone inheritances. 1) dispersive segregation 
on both DNA strands, old and new histones are randomly distributed on two DNA 
strands. 2) two-conservative distribution. Either an old or new histone is preferentially 
localized at one arm, either leading or lagging of replicated DNA strands. (b) Optical 
images of Cd
2+
 inducible HA-tagged H3 expression during DNA replication. The 
genetically modified strain was used to selective expression of HA-tagged H3 in presence 
of Cd
2+
 in culture media. HA expression was detected by anti-HA antibody conjugated 
with Alexa 488 fluorophore (Green) and DNA in the nucleus was stained with DAPI 
(blue). (c) Western blotting. Selective expression of HA-tagged H3 in presence of Cd
2+
 in 
culture media was analyzed. (d) DNA electrophoresis indicating extracted rDNA length. 
Length of rDNA extracted from Tetrahymena was confirmed with control ladders, λDNA 
fragments markers cut by HindIII restriction enzyme.   
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Figure 6.3 Visualized histone inheritance in nanofludics. 
(a,b) Tangled chromatin fibers in bulk solution taken by optical microscope (a) and by 
super-resolution imaging (b). Scale bar is 1 µm. (c, d) elongated chromatin fibers in 
nanochannel while in a closed state taken by optical microscope (c) and by super 
resolution imaging (d). Blue color represents DNA stained by DAPI and green color 
indicates new histone detected by anti-HA antibody. (e) Distribution of new histones 
along the single linearized chromatin fiber was observed by STED (image), and plotted in 
the bottom graph. Scale bar is 500 nm.  
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            Chapter 7
 
 
Conclusion and Future directions  
 
CONCLUSION 
Recent advances in controlled micro and nano-patterning, and the biological 
applications they potentiate, have greatly enhanced the precision and resolution with 
which researchers may interrogate biomolecules, and biological systems at the length 
scale of single cells. As an alternative to conventional template-assisted fabrication 
techniques; fracture-based fabrication provides a unique ability to achieve efficient 
micro/nano-patterning on a large scale without the necessity of expensive equipment, 
specialized facilities, or elaborate technical skills. The body of work presented in this 
dissertation benefited greatly from the use of fracture-based micro/nano-patterning to 
create a novel, size-controllable, micro/nanochannel platform in the soft elastomer 
polydimethylsiloxane (PDMS). The capacity to adjust and tune channel dimensions 
within this platform was exploited to produce the controlled confinement necessary for 
the trapping and elongation of coiled chromatin, and the subsequent study of the 
fundamental mechanisms underlying epigenetic inheritance.  
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Two fundamental aims were pursued in this dissertation: (1) the development and 
application of a protocol for the fabrication of precisely defined, and tuneable, 
micro/nanochannels; and (2) the analysis of histone inheritance through the use of an 
ideal biological model system and super-resolution imaging.  
A. Optimization of crack channel device. Precisely controlled fracture-based 
micro/nano-fabrication techniques were developed based upon an understanding of 
fundamental fracture mechanics and the properties of specific materials within a series of 
multi-layered material systems. As the intrinsic flaws present within any material are 
capable of determining crack positions, the distribution of cracks formed in a material 
under an applied tensile strain is generally random; resulting in inherently non-uniform 
crack profiles that produce concomitantly non-uniform molecular elongation. This 
problem was solved by the integration of stress focusing notch micro-features within the 
PDMS device to generate an array of micro/nanochannels with a stable periodicity at 
desired positions (Chapter 2). Furthermore, by selecting specific material combinations 
for use within the described multi-layered device that restrict crack propagation at the 
interface between two adjacent layers; crack channel depths could be managed by the 
thickness of a film deposited on the PDMS substrate, and channel widths could be 
reversibly controlled by varying the intensity of the applied strains. Consequently, 
fracture-based fabrication was successfully improved to produce fully reversible dynamic, 
normally-closed micro/nanochannels with precision control of spacing, depth, and width 
(Chapter 3). 
B. Biological application of the adjustable channel. The reversible modulation 
of channel dimensions allowed for the easy loading of samples containing coiled 
molecules (e.g. DNA) when the channel is in an open state, and linearization when it is in 
a closed state. This capability allowed this novel channel system to be highly effective for 
the efficient pre-concentration, capturing, and linearization of DNA and chromatin via 
nanoconfinement.  
                                                        . 
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A 10,000-fold pre-concentration of DNA was achieved within 20 min under an 
applied voltage of 80V at pre-defined positions due to the excursion enrichment effect 
induced by electro-physical chemistry within the nanochannels under the electric field 
(Chapter 5). Next, a single DNA molecule from a highly dilute solution was trapped and 
stretched by narrowing channels (Chapter 4). Hybrid micro/nanochannel system, which 
may offer dynamic cross-sectional change of the microchannel and ion concentration 
polarization (ICP), and was used to overcome associated entropic barriers of 
concentrating DNA within small volume as well as uncoiling DNA molecules.  
Finally, elongated DNA and chromatin within the adjustable channel was studied 
to better understand the mechanisms underlying histone inheritance. Structural 
rearrangements of DNA and chromatin during DNA replication was characterized by 
“direct reading” of the elongated strand with the help of intercalating dyes (instead of 
direct base pair sequencing), and antibodies, used as histone markers (Chapter 6). rDNA 
mini-chromatin extracted from Tetrahymena was chosen to elucidate the spatial 
distribution of histones along replicated DNA due to its unique properties such as 
palindromic DNA structure, well defined DNA length, and easy genetic modification. 
Spatial distribution of old and new histones distinguished by selective protein maker 
expression on H3 histone in the rDNA chromatin was investigated with the aid of super-
resolution microscopy, stimulated emission depletion (STED). This result enable to 
address a long standing question related to histone transmission during DNA replication.      
In conclusion, biologically meaningful changes of epigenetic inheritance via the 
direct visualization of DNA/chromatin in the adjustable channel device were successfully 
studied. This multi-disciplinary dissertation projects provides insight into unknown 
epigenetic changes which cannot be addressed with conventional techniques. Practical 
application of this novel technique can be used for establishment of other epigenetic 
marker mapping including post translational histone modification and DNA methylation 
via systematic and quantitative analysis.   
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FUTURE DIRECTIONS 
While this dissertation research has been conducted, in part, to address a 
fundamental question concerning histone inheritance; additional experiment may be 
performed to investigate additional physiological systems. 
 
Short term goal 
- Characterization of DNA strands 
 
Figure 7.1 characterization of DNA strands synthesized during replication. 
Fluorescence tagged telomere marker (Red) can be used to distinguish which ends is 
lagging or leading strands.  
 
 
To verify and support my observations regarding histone transmission during 
replication (as presented in Chapter 6), additional analysis for differentiating the direction 
of DNA synthesis in rDNA is needed; as well as to confirm singular or plural stacking of 
the elongated chromatin. Since the direction of rDNA replication is fixed, due to its 
palindromic structure, the sense strand of the rDNA is always complementally copied to 
the leading strand, while the anti-sense strand is always complementally copied to the 
lagging strand. Thus, telomere repeats of 3’GGGGTT5’ are replicated during leading 
strand synthesis whereas the inverse repeating unit of 3’AACCCC5’ is replicated during 
lagging strand synthesis. This behavior may be used to distinguish the leading strand and 
the lagging strand after labelling by thymidine analogue, BrdU. The newly synthesized 
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DNA strand with the telomere repeat of 3’GGGGTT5’ will be labelled with DAPI and 
Alexa 555 conjugated anti-BrdU antibody together, while the newly synthesized DNA 
strand (with the telomere repeat of 3’AACCCC5’) will only be labeled by DAPI. Again, 
the combinatorial distribution of the signals from anti-BrdU antibody and anti-HA 
antibody will allow for the determination of whether new histones are preferentially 
deposited upon the leading or the lagging strand.  
 
Long term goal 
- Automated system for epigenetic marker analysis 
 
Figure 7.2 Schematic of automated fluidics platform for epigenetic marker analysis 
 
In the course of completing the work presented within this thesis, multiple 
applications – including chromatin extraction after mechanical cell lysis, DNA pre-
concentration, and linearization – have been independently conducted.  Each of these 
functions, individually or collectively, may be integrated to develop an automated system 
for efficient epigenetic marker mapping. The device can be designed with special regard 
given to sample preparation procedures, channel geometries and material selections. The 
device consists of two parts;  (1) top single adjustable microchannel and (2) bottom 
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adjustable nanochannels. In the top microchannel part, chromatin will be directly 
extracted from lysed cells under mechanical squeezing in the microchannel. Subsequent 
application of electric field on the first portion will allow to collect the extracted DNA 
and chromatin at the interface between the closed microchannel and the bottom micro-
groove. Next, the chromatin will be transferred to the bottom nanochannel regions by a 
fluid flow, and then linearized to visualize specific target markers located on the stretched 
chromatin by the modulation of channel dimension. Consequently, capability of high-
throughput analysis in such automated setup will be an excellent tool that would enhance 
not only our mechanistic understanding of epigenetic profiling but also related 
physiology and diseases.  
 
 
